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Abstract
Pedestrian fatalities contribute to more than one-fifth of the overall number of road traffic
deaths. Despite general improvements in road safety over the last decades, since 2010, the
decrease of pedestrian deaths has slowed down remarkably in Europe. In addition, young
drivers (18-24 years old) constantly face the largest injury and fatality risks in traffic. There
are several factors related to exposure and experience that increase the risk of accidents
among young drivers, but one of the key reasons is a lack of hazard perception skills (HPS).
The overall objective of this project is to contribute to improving the safety of pedestri-
ans and young drivers through an exploration and training of drivers’ HPS in relation to
pedestrian-related situations. The research focused on examining and improving HPS of
young drivers in a driving simulator, thus increasing the existing knowledge of pedestrian-
related situations from the drivers’ perspective. Through identification of varying levels of
HPS among young drivers, the project explored drivers’ hazard fixation and hazard response
to pedestrian-related potential hazards of various difficulty. Furthermore, it was aimed to
improve drivers’ HPS focusing on pedestrian-related potential hazards by training based on
error learning in a driving simulator supplemented by an expert’s commentary and visual
feedback.
To meet the objectives, driving simulator-based experimental studies were conducted. Based
on the response to potential pedestrian-crossing situations, two sub-groups of drivers with
lower and higher HPS were identified. The sub-group of young drivers with lower HPS had
less efficient hazard fixation and lower self-assessed HPS than the drivers with higher HPS.
In addition, results show that fewer drivers responded to the presence of child pedestrians
by lowering the speed and even had a higher speed when passing a child than an adult
pedestrian, indicating that among young drivers the child was to a lower degree considered
a hazard. Therefore, there is a need for raising awareness among drivers of the necessity of
speed adjustment in situations where a pedestrian might cross the street, especially those
involving children.
The training intervention demonstrated a positive effect on improving drivers’ HPS, which
manifested as a lower approach speed and more fixations on potential hazard location in
hidden pedestrian-related situations, meaning that the intervention improved the more
advanced HPS. The intervention can be used to improve young drivers’ HPS in more chal-
lenging situations in which potential pedestrian-related hazards have to be anticipated from
the cues not directly related to the pedestrian thus requiring higher HPS.
The contributions of the PhD project are presented in four papers. Combined, the project
contributes with new research-based knowledge on HPS among young drivers in pedestrian-
related situations. The knowledge is relevant for the development of interventions to
improve HPS among young drivers particularly in situations demanding higher HPS such as
when a pedestrian, a potential hazard, is hidden. Furthermore, this project contributes to
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the development of a short HPS training intervention in a driving simulator. This training
could be considered as an additional training module to the conventional driver training in
classrooms and on the road.
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Resumé
Fodgængere og unge bilister er centrale i relation til trafiksikkerhed. Dødsuheld med
fodgængere udgør over en femtedel af det samlede antal trafikdræbte. På trods af generelle
fremskridt inden for trafiksikkerheden, har antallet af trafikdræbte i Europa været stagneret
siden 2010. Unge bilister mellem 18 og 24 år har den største risiko for at blive dræbt eller
kvæstet i trafikken. Flere erfaringsrelaterede faktorer bidrager til unges store uheldsrisiko.
En af de vigtigste faktorer er unge bilisters manglende evne til at identificere potentielle
farer i trafikken, hvilket internationalt betegnes som hazard perception skills (HPS).
Dette projekt leverer forskningsbaseret viden, der kan bidrage til at øge trafiksikkerheden
for fodgængere og unge bilister baseret på undersøgelse og forbedring af bilisters HPS i
situationer, som involverer fodgængere. Projektet er det første til at fokusere på HPS i
fodgængerrelaterede situationer set fra bilistens perspektiv. I projektet blev data indsamlet
ved hjælp af en kørselssimulator samt en eye-tracker.
Baseret på registrering af bilisternes visuelle fiksering samt deres adfærdsmæssige respons i
forskellige fodgængerrelaterede potentielt kritiske situationer af varierende kompleksitet,
var det muligt at identificere undergrupper af bilister med hensyn til HPS. De bilister, der
havde lavere HPS, fikserede mindre effektivt på fodgængere i potentielt kritiske situationer.
Endvidere vurderede de deres egne HPS til at være lavere end bilister, der havde højere
HPS, gjorde. Derudover var der blandt bilister med lavere HPS færre, der reagerede ved at
nedbringe kørehastigheden og endda kørte hurtigere, når den fodgænger, de skulle passere,
var et barn, end når det var en voksen. Unge bilister anser således tilsyneladende børn for
at udgøre en mindre fare end voksne. Det viser, at der er brug for tiltag, som øger bilisters
bevidsthed om at nedbringe hastigheden i situationer, hvor en fodgænger kunne krydse
vejen, særligt når fodgængeren er et barn.
Gennem træning i kørselssimulatoren suppleret med ekspertkommentarer og visuel feedback
var det i nogen grad muligt at forbedre de unge bilisters HPS. Forbedringen i HPS viste
sig ved, at bilisterne havde en lavere kørehastighed, når de nærmede sig en fodgænger.
Endvidere havde bilisterne en øget visuel fiksering på potentielle faresituationer i situationer,
hvor fodgængeren i nogen grad var skjult, og hvor den potentielle fare, derfor skulle vurderes
ud fra signaler, der ikke direkte var relateret til fodgængeren. Det viser, at interventionen
havde en positiv effekt på de mere avancerede HPS.
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1Introduction
In recent decades, road safety has been greatly improved internationally and fewer people
are being killed or injured on the roads (European Commission, 2016a). However, accident
rates among pedestrians are decreasing less (36%) compared to drivers (54%)(OECD/IFT,
2015) and pedestrian accident injuries continue to be a serious road safety problem. Pedes-
trian fatalities make up a significant proportion (21%) of the overall number of road traffic
deaths (European Commission, 2017) and, since 2010, the decrease of pedestrian deaths has
slowed down remarkably (Adminaite et al., 2015). Children and elderly pedestrians account
for the highest share of fatalities (European Commission, 2017) and in 2015 more than
one-fifth (21%) of children up to 14 years of age killed in traffic crashes were pedestrians
(National Center for Statistics and Analysis, 2017). Additionally, it should also be consid-
ered that pedestrian accidents are under-reported and not all of them appear in the police
register (e.g. Yannis et al., 2014). Sciortino et al. (2005) show that police accident reports
underestimated the number of injured pedestrians by 21%. Regarding child pedestrian
accidents, recent research has mainly focused on the behaviour and skills of the child (e.g.
Hamed, 2001; Jager et al., 2015; Schwebel et al., 2012; Zito et al., 2015), while the studies
have stated that driver’s errors and flaws in perceptual and motor processes remain rather
unexplored. However, due to children’s limited cognitive and motor skills, knowledge of the
driver’s behaviour in relation to child pedestrians and driver’s awareness of the need for
increased safety margins is highly relevant.
All pedestrians face specific road safety problems: firstly, pedestrians lack physical protection,
therefore they are unshielded from the speed and mass of the vehicle involved in the accident
(e.g. Wegman et al., 2006). Secondly, pedestrians are small compared to vehicles, thus
it is easier to overlook them in the road environment (e.g. Langham & Moberly, 2003).
Thirdly, the varying level of pedestrians’ knowledge and compliance with the traffic rules
make their behaviour less predictable to car drivers (e.g. Granié, 2007; West et al., 1993).
Fourthly, unlike vehicle drivers, pedestrians can cross a road not only at intersections and
marked locations, but also at any other convenient location (e.g. Hill, 1984). Lastly, pedes-
trians are usually located on the side of the road and not in front of the driver, therefore
a wide horizontal angle of view is needed (Shahar et al., 2010). Consequently, research
to support the development of targeted interventions aimed at drivers, with the focus on
young pedestrians, is required. Several pedestrian, driver, temporal, environmental, and
vehicle-related factors that significantly change the probability of accidents and the injury
severity have been identified (e.g. Pour-Rouholamin & Zhou, 2016). However, factors such
as a higher driver age and pedestrians crossing at crosswalks were associated with a lower
risk of fatalities for pedestrians (Kim et al., 2008). Pedestrian-vehicle accidents caused by
younger drivers are more likely to result in severe accidents than those caused by older
drivers (Pour-Rouholamin & Zhou, 2016).
Factors influencing young driver involvement in accidents are divided into two main cate-
gories: driving style, influenced by lifestyle, personality factors, and attitudes and beliefs;
and driving skills, influenced by experience and general cognitive abilities (Elander et al.,
1993). By intentionally adopting a safer driving style, thus achieving a larger safety margin,
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drivers can partly decrease their accident risk (Näätänen & Summala, 1976). However, the
lack of driving skills can lead to more frequent driver errors (McKnight & McKnight, 2003).
The skill gap between experienced and novice drivers is identified as one of the main factors
behind young drivers’ over-representation in accidents (e.g. Fisher et al., 2006; McKnight &
McKnight, 2003; Pollatsek et al., 2006). Additionally, as important as having appropriate
skills is, it is necessary to have an accurate self-estimation of them, i.e. drivers’ beliefs of
their skills have to match their real skills. Drivers with errors in the estimation of their skills,
which can arise from inaccurate and incomplete processing of information (Dunning et al.,
2004), might fail to take proactive measures thereby placing themselves at risk (e.g. Deery,
1999).
Horswill and McKenna (2004) suggest hazard perception skills (HPS) as the most likely
source of any skill gap between novice and experienced drivers. Although young drivers
acquire basic vehicle handling skills rather fast (Deery, 1999), higher-order skills, such as
HPS, require experience and exposure to certain types of situations in order to master them.
Hazard perception in traffic is not a new topic. Many different definitions have been used but
for a long time there was no standard. Pradhan and Crundall (2017) took the step towards
establishing common terminology and definitions based on overarching the wide variety of
definitions operationalised in the literature. They defined hazard perception as "A collection
of hazard avoidance sub-processes, which variably include hazard searching, hazard prediction,
precursor prioritisation, hazard fixation, hazard processing, hazard appraisal, and hazard
response." Studies have extensively demonstrated that young, inexperienced drivers lack HPS
when compared to the older, experienced drivers (e.g. Borowsky et al., 2009; McKenna &
Crick, 1994; Wallis & Horswill, 2007; Wetton et al., 2010). This lack of skills results from:
inexperience (i.e. lack of exposure to the hazardous situations) (e.g. Braitman et al., 2008),
errors in self-assessment of skills (i.e. young drivers overestimate their skills) (e.g. Horrey et
al., 2015), and limitations in training (i.e. not sufficient emphasis on training higher-order
skills in learner drivers’ curriculum) (e.g. Mayhew & Simpson, 2002). However, to notice
the experience-based difference in HPS, studies show that it matters how pedestrians (and
other road users) are presented in hazard perception tests and training (e.g. Borowsky et
al., 2012; Crundall et al., 2012): where they are located, which type of hazardous events
they are involved in and what kind of direct and indirect measures used to measure HPS.
Research on hazard perception often does not distinguish between different road user types
but uses the average HPS scores across all the hazards. To improve the understanding of
driver-pedestrian accidents, HPS among young drivers in those situations should be further
examined.
Technological development has a beneficial effect on road safety not only from an improved
vehicle safety perspective but also regarding the development of new driver testing and
training methods. Traditionally, drivers learn to drive in a car on the road; however,
optimisation of the learning process may benefit from the use of other available training
methods and tools. Driving simulators provide a safe environment for drivers to interact and
receive feedback if an error in detecting or responding to a hazard occurs, which is essential
for training the higher-order skills (e.g. Keith & Frese, 2008). Additionally, by committing
errors, learners gain knowledge of their limitations, and therefore the experience of errors
facilitates proper self-assessment of skills. Driving in the simulator can provide exposure to
potential and actual hazard situations that can show the benefits of safety practices, hence
motivating learners to drive more safely (Mayhew & Simpson, 2002). The scenarios in
2 Chapter 1 Introduction
a simulator, unlike on-road driving, can be easily manipulated and controlled, providing
exposure to the same set of the situations experienced in the training. Usually, HPS training
in a simulator is intended to improve the detection of hazards independent of the hazard
instigator (e.g. Allen et al., 2011; Carpentier et al., 2013; Vlakveld et al., 2011).
1.1 Objectives of the PhD project
On the background of the high number of pedestrian fatalities and young drivers’ limitations
in HPS, the overall objective of this project is to contribute to the safety of pedestrians and
young drivers through the identification of ways to improve young drivers’ HPS in pedestrian-
related situations. First, the project examines HPS of young drivers in a driving simulator
to increase the knowledge on pedestrian-related situations from the drivers’ perspective.
Second, the project aims to increase HPS skills of young drivers through a training that is
developed on the background of the improved knowledge.
More specifically, the first objective of the project is to examine differences between drivers
with high and low HPS (measured on hazard response in a driving simulator) as a basis for
developing a training to increase young drivers HPS. The examination of group differences
focuses on two aspects: Visual behaviour in hazardous situations of varying level of difficulty
and involving different types of pedestrians; and self-assessed HPS and the consistency with
the HPS measured in the simulator.
Based on the identified limitations of drivers with low HPS in visual behaviour and self-
assessment, the second objective of the project is to develop a short training intervention in
the simulator that focuses on improving drivers’ tactical HPS in pedestrian-related potential
hazards.
1.2 Outline of the thesis
The remainder of the thesis is structured as follows: Chapter 2 starts by introducing the
hazard types, the employed objective and subjective measures, and the driver training
method used. Thereafter, the focus is narrowed to the study design of the two driving
simulator experiments on which this project is based on. Chapter 3 presents the main
findings of the research. Chapter 4 addresses overall conclusions of the PhD project, its
limitations, and future research possibilities. Four papers are included in Chapters 5, 6, 7,
and 8, which form the contributions of the PhD project.
1.1 Objectives of the PhD project 3

2The PhD project
The PhD project consists of two complementary experimental studies, completed in a driving
simulator at the Technical University of Denmark. In the first study, young drivers’ HPS
were examined in hidden and visible potential street-crossing situations with child and adult
pedestrians using both objective and subjective measures. In the second study, young drivers
were trained to improve their tactical HPS in hidden and visible pedestrian-related potential
hazards with a short training in the driving simulator. The used hazards, the objective and
subjective measures, and the training are described in Section 2.1 while the study design is
described in Section 2.2.
2.1 Method
In this thesis, HPS are operationalised based on the extensive definition provided by Pradhan
and Crundall (2017) as a set of two sub-processes: abilities in hazard fixation and abilities
in hazard response. Hazard fixation represents the detection of the hazard (or precursors)
and the visual attention to it during the whole hazard situation, while hazard response is a
deliberate reaction (e.g. slowing down, adjusting the lateral position away from the hazard)
to mitigate the probability of an accident with a future hazard. These sub-processes have
been found to be discriminating between young, less safe drivers and older, safer drivers
(e.g. Borowsky et al., 2010; Underwood et al., 2011), and can be quantified with objective
measures, such as driving performance and eye movements (e.g. Pradhan et al., 2006;
Underwood et al., 2011).
By applying measures that typically distinguish between drivers with lower and higher HPS,
hazard fixation skills were assessed using an eye-tracker and hazard response skills were
examined based on the driving performance in a driving simulator. A driving simulator is
particularly useful in measuring driving responses that cannot be assessed with other tools,
except when driving on a road. The hazard types used in this project are described in Section
2.1.1 and the measures used are described in Section 2.1.2. As a part of the evaluation of
the accuracy of the self-assessment of the HPS and driving skills, objectively and subjectively
measured skills were compared. For evaluating subjective skills of the drivers, standardised
questionnaires were used as described in Section 2.1.3.
2.1.1 Hazard types
In this project, drivers’ HPS were examined and trained in visible and hidden pedestrian-
related potential hazards. Potential hazards are latent hazards that do not develop in actual
threats.
Visible potential hazards are visible pedestrians who might start to act risky and create an
actual hazard but never do. Visible hazards have behavioural precursors (cues) directly
related to the hazard (e.g. Crundall, 2016; Crundall et al., 2012), for example, pedestrians
standing on the pavement can be hazard precursors and, when they step on the road, they
become visible hazards. In these situations, drivers have to read behavioural cues of the
pedestrians to detect and respond to the hazards in time. An example of a visible potential
hazard is a pedestrian running on the pavement and turning towards the road to cross it but
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stops before entering the road.
Hidden potential hazards are pedestrians on possible accident course that are hidden from
view by other vehicles or the road environment. Hidden hazards have environmental precur-
sors that are not directly related to the hazard (e.g. road markings, road signs, parked bus).
To perceive hidden potential hazards, drivers have to imagine a pedestrian that they cannot
see but can predict based on the hazard precursors in the environment. Examples include a
bus at a stop potentially hiding a not yet visible pedestrian.
The ability to recognise these precursors differs between more experienced, safer drivers
and inexperienced, less safe drivers (e.g. Crundall, 2016). Studies show that young drivers
have more difficulties in perceiving hidden potential hazards and environmental precursors
than visible potential hazards with behavioural precursors (Borowsky et al., 2009; Pradhan
et al., 2005; Sagberg & Bjørnskau, 2006; Vlakveld, 2011). In relation to pedestrian-related
situations, the most common type of hazards used in previous studies is actual hazards (e.g.
Bélanger et al., 2010; Bromberg et al., 2012; Edquist et al., 2012). Those are visible or
hidden active (as opposed to ‘potential’) hazards such as a pedestrian suddenly crossing
the street in front of the car. However, as potential hazards, particularly hidden, are the
most challenging for young drivers, the research in this project focuses on these types of
hazards.
2.1.2 Objective measures
In contrast to other hazard presentation methods (e.g. videos, pictures), in a driving
simulator, actual driving behaviour in the potential hazard situations can be measured.
Additionally, it is possible to detect the driver’s behaviour before and after the hazard is
encountered. However, it is not always clear whether the driver behaviour is linked to
the hazards or to the road environment in general. Is the driver decreasing the speed
because he or she detected a hazard? This question cannot be answered with the simulator’s
measures alone. By analysing eye movements, it is possible to estimate whether a driver
has searched for and detected a hazard. However, even if drivers look at the hazard, they
do not necessarily identify it as hazardous (e.g. C. B. White & Caird, 2010). Therefore, it
cannot be concluded with certainty that the driver has perceived a potential hazard as a
possible danger solely based on the driving performance measured in the simulator or the eye
movements measured with the eye-tracker. This project employs both a driving simulator and
an eye-tracker to link sub-processes of hazard fixation and hazard response. The remainder
of this section describes the measures used to evaluate these two sub-processes.
Hazard response
Hazard response as a sub-set of HPS was assessed by analysing driving behaviour in the
simulator. Measures of hazard response skills typically include vehicle parameters that are
collected automatically by the simulator. In other simulator studies, HPS in pedestrian-
related situations were measured as whether participants managed to avoid accidents (e.g.
Paxion et al., 2015; Wang et al., 2011), changes in driving speed approaching a hazard
(e.g. Martinussen et al., 2017), braking (how strong the pedal is pressed, when braking is
initiated) (e.g. Johnson Bishop et al., 2017; C. B. White & Caird, 2010), and lateral control
of the car (e.g. Steinberger et al., 2017).
6 Chapter 2 The PhD project
This project focused on measuring the responses to potential pedestrian-related hazards,
particularly the changes in driving speed and lateral placement when approaching the
potential hazard location. A decrease in driving speed and/or steering away indicated that
the driver had spotted the hazard, and thus is considered as a response to it.
Hazard fixation
When and where drivers look has a crucial importance to driver safety and hazard perception
(e.g. Lee et al., 2008; Underwood, 2007). The efficiency of visual search strategies and
visual attention are one of the underlying skills that distinguish between less and more
safe drivers (Underwood, 2007). Indeed McKnight and McKnight (2003) found that errors
in visual search are a key factor in accidents among young drivers. Pradhan et al. (2005)
and Borowsky et al. (2010) have also demonstrated that a failure to predict the locations
from where hazards may appear and not prioritising the search for these locations may be a
major contributor to errors in hazard perception. In the case of pedestrian-related situations,
a common measure used is the first fixation’s latency, i.e. how much time passed from
the hazard’s onset until the driver first fixated on it. More experienced drivers are quicker
to first fixate hazards than less experienced drivers (Crundall et al., 2012). Certain other
components of the hazard response, such as processing, appraisal, and confirmation, are
likely to come after the initial fixation of the hazard. Common measures of visual attention
are the horizontal search patterns (e.g. Borowsky & Oron-Gilad, 2013; Yeung & Wong,
2015), the number of fixations (e.g. Werneke & Vollrath, 2011), and the fixation duration
(e.g. Divekar et al., 2012; Zimasa et al., 2017). Safer drivers are found to detect more
hazards (e.g. Fisher et al., 2006), have a wider horizontal spread of search (e.g. Underwood
et al., 2003), and more but shorter fixations (Chapman & Underwood, 1998; Pradhan et al.,
2007).
In this project, by analysing eye movements, measured with a wearable eye-tracker, driver’s
hazard fixation was assessed. This project focused on measuring the distance to the first
fixation instead of the first fixation’s latency. In other studies where eye movements are
analysed for participants watching videos (e.g. Yeung & Wong, 2015), the time to the first
fixation was used, as the videos were shown in constant speed for all the participants. In a
simulator study, it is more relevant to combine the driving speed and time of the first fixation,
showing how close to the hazard the participant was when looking at it for the first time.
In this project the measurements included the length of the first fixation, the dwell time
(percentage of the total length of all fixations on the hazard from the whole time available),
the number of fixations, the duration of the fixations, and the number of fixations to the
other relevant objects inside the car (speedometer), to analyse the driver’s attention to the
hazard from its onset until the time the driver passed it.
2.1.3 Subjective measures
Studies show that, even though drivers understand the value of high HPS in improved road
safety, those are skills driver’s believe they already are good enough at, compared with their
peer drivers (Horswill et al., 2004). Drivers receive less feedback from the environment on
their level of HPS than on their driving skills, such as vehicle control (e.g. rolling back on
a hill start). Drivers can go on without noticing that they have missed a potential hazard,
leading them to misjudge the level of their actual HPS (e.g. Dogan et al., 2012; Horswill
et al., 2004, 2013). To examine the accuracy of young drivers’ subjective skills, self-rated
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measures of drivers’ beliefs about their own skills relative to other drivers of the same age
and gender were obtained. Additionally, the drivers’ propensity for sensation-seeking was
assessed, as it is a factor known to be related to risky driving behaviour (Gregersen, 1996;
Schwebel et al., 2006).
Hazard Perception Questionnaire
The Hazard Perception Questionnaire (HPQ) was developed by M. J. White et al. (2011) to
measure subjective HPS. The questionnaire focuses on hazard detection and response and
contains six items, such as ‘How skillful you are at spotting hazards quickly?’ and ‘How skillful
you are at reacting to more than one potential hazard at a time?’. These items are rated on a
scale from 1 (“much less”) to 7 (“much more”) with a midpoint of 4 (“the same”).
Driving Skills Questionnaire
The Driving Skills Questionnaire (DSQ) was designed by McKenna and Myers (1997) to
assess drivers general driving skills (‘Relative to the average driver of your age and gender,
how skillful do you think you are?’) and driving skills in specific situations (e.g. ‘Relative to
the average driver of your age and gender, how skillful do you think you are judging stopping
distance?’). For consistency, the scale was adjusted to the scale of HPQ by M. J. White et al.
(2011) used in this study.
Brief Sensation Seeking Scale
The Brief Sensation Seeking Scale (BSSS) (Hoyle et al., 2002) was used to measure the
participants’ propensity for sensation seeking. This scale was created by adapting the items
from the Form V of the Sensation Seeking Scale (Huba et al., 1981; Zuckerman, 1978),
which initially consisted of 40 questions and were rated in a forced-choice format. In BSSS
participants are asked to rate eight statements on sensation seeking as true or false for
them. The statements regard adventure seeking, social disinhibition, thrills, susceptibility to
boredom, and experience seeking.
2.1.4 HPS training in a driving simulator
The idea to enhance young driver HPS through training is not a new idea per se. Over the last
decades, interactive training programs have been developed with the aim to increase young
driver’s HPS. These training programs were usually computer-based or video-based (e.g.
Borowsky et al., 2012; Chapman et al., 2002; Fisher et al., 2002; Isler et al., 2009; McKenna
et al., 2006; Meir et al., 2014); however, recently more and more simulator-based training
programs have been developed and have presented some value in improving HPS (Allen et
al., 2011, 2012; Carpentier et al., 2013; Vlakveld et al., 2011; Wang et al., 2010a, 2010b).
Simulator-based training programs were only occasionally dealing with potential hazards,
and even less with hidden hazard situations (Vlakveld et al., 2011). To my knowledge, there
has been no training developed to enhance HPS explicitly in pedestrian-related situations.
While Borowsky et al. (2012) examined training effect on pedestrian-related situations as
a part of the Act and Anticipate Hazard Perception Training (AAHPT), this training was
video-based and did not include hidden hazards.
For training purposes, Engström et al. (2003) have divided HPS into three different skills,
namely, prepotent, tactical, and strategic HPS. Prepotent HPS are associated with hazards
that are visible and are obviously going to materialise. These skills solely depend on reaction
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time, do not distinguish between drivers of less and more experience, and cannot be trained
(Falkmer & Gregersen, 2003; Sagberg & Bjørnskau, 2006). Strategic HPS are associated with
the detection of potential hazards far ahead using environmental precursors of where the
hazards might develop. Strategic HPS have been trained with videos to improve strategic
knowledge and scanning that are not observable with an eye-tracker (Chapman et al., 2002).
Finally, tactical HPS relate to the ability to detect potential hazards that are not directly on
the collision course and are either visible, indicated by behavioural precursors, or hidden,
indicated by environmental precursors (Crundall et al., 2012). Training shows benefit in
improving tactical HPS by enhancing visual search, hazard fixation (e.g. Fisher et al., 2002;
Pollatsek et al., 2006; Pradhan et al., 2009; Vlakveld et al., 2011), and hazard response (e.g.
Crundall et al., 2010; Muttart, 2013). This project focused on tactical HPS improvement
associated with visible and hidden potential hazards as these HPS can be trained and objec-
tively assessed in the driving simulator using an eye-tracker.
Humans learn the best ways of doing novel tasks by committing errors rather than by
receiving instructions in error-avoidance settings (e.g. Keith & Frese, 2008). Errors are
crucial when acquiring a new skill as they show the learner that their behaviour should be
changed and that the task should be handled differently not to commit the errors again. The
advantage of using a driving simulator for HPS training is the opportunity for drivers to
experience the consequences of their driving behaviour in a safe setting and learn from their
errors (error learning). However, when only exposed to hazards, drivers can easily conclude
that the accident or near accident occurred because of the environmental conditions and
the other road users involved. Therefore, additional feedback is needed to guide drivers to
where to look and how to respond to avoid hazards. Horswill et al. (2017) demonstrated
that providing drivers with feedback on their performance using videos and graphs improved
HPS. Moreover, young drivers do not only have to learn to predict and detect the potential
hazards but also not to overestimate their abilities and underestimate the risks (e.g. Weiss
et al., 2013). Providing drivers with detailed information on the cause of the failure and
what they should do in order to improve their performance is needed for the feedback to be
effective in reducing self-enhancement biases (Dogan et al., 2012).
In error learning, drivers gain information about a task through exploration and trial-and-
error and it creates an opportunity for active processing (e.g. Frese, 1995). Studies show
that training based on error learning reduces accident occurrences in a simulator (Ivancic &
Hesketh, 2000). Moreover, combined with verbal and visual instruction, the training also
improves visual search of hazards (Vlakveld et al., 2011). However, the training employed
by Ivancic and Hesketh (2000) was mostly concerned about actual hazards that materialised
suddenly and training method tested by Vlakveld et al. (2011) focused on hazard detection
and did not include measures of hazard response. So far, improvements have been reported
on average across all situations without distinguishing between the various types of hazard
instigators (e.g. car-, pedestrian- or cyclist-related).
2.2 Study design
This section shows an overview of the study design for each experiment. The first study is
described in Section 2.2.1 and Section 2.2.2 deals with the second study.
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2.2.1 First study
The first experimental study was designed with an aim to examine young male drivers’ HPS
in potential pedestrian street-crossing situation with various types of pedestrians. Addition-
ally, drivers’ objectively and subjectively measured skills were compared. Sixty-five drivers
were tested in a driving simulator in hidden and visible potential pedestrian street-crossing
situations with a child and an adult pedestrian.
Apart from the potential street-crossing situations, the driving scenarios contained five other
potential hazards; however, in the other hazard situations pedestrians were on the pavement
or were standing on the side of the street and therefore did not require an active response
from the driver. In the potential street-crossing situation, the pedestrian entered the street
and the driver had to respond by lowering the speed to avoid the possible accident that
could occur if the pedestrian continued running. It has to be noted that the majority of
pedestrian accidents on the open road happen in an urban setting (European Commission,
2016b) when a pedestrian is crossing the road outside intersections (NHTSA, 2015). The
cue indicating the possibility that the pedestrian could cross the street was a football lying
on the opposite side of the street in both the visible (Figure 2.1) and the hidden (Figure 2.2)
pedestrian-related situation.
The findings of this experiment are reported in Chapters 5, 6, and 7 (Papers I-III). The focus
of the first paper was to compare the consistency between self-assessed and objectively
measured HPS in visible and hidden hazard situations among young drivers. Additionally, it
was aimed to better understand how young drivers differ in hazard response and hazard
fixation. The focus of the second paper was to analyse young drivers’ fixation on the
pedestrian-related potential hazards among young drivers with higher and lower HPS. The
third paper aimed to compare young male drivers’ fixation and response to child and adult
pedestrians in visible and hidden conditions.
2.2.2 Second study
The second experimental study was designed with the aim to improve young male drivers’
tactical HPS in pedestrian-related potential situations with a short intervention. Thirty young
males were trained in the simulator (training group) in hidden and visible hazard situations.
Their driving behaviour and eye fixations in a test drive were compared to those of thirty
Fig. 2.1: Visible hazard. Fig. 2.2: Hidden hazard.
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untrained drivers (control group).
In this project, driver training was designed based on error learning and supplemented with
visual and instructional elements to improve young driver hazard fixation and response in
pedestrian-related potential hazards. The procedure of the experiment is shown in Figure 2.3.
Fig. 2.3: Procedure
During the training drive, the drivers encountered potential hazards that developed and
materialised. If the drivers did not detect the cues and did not respond to the developing
hazards in time, accidents would occur. The drivers had to drive through the scenario until
there was no accident. Instructions were provided by an expert’s commentary video after
the training drive. The video was created with the assistance of a driving school instructor
and included a soundtrack with verbal advice. The advice concerned areas in which hazards
might appear (e.g. five metres before and after a zebra crossing, around a bus at a bus stop
and around a business truck, as this space, is the truck driver’s workplace). In addition, it
was advised to pay attention to situations that might develop into a hazard (e.g. pedestrian
running along the pavement). Finally, the expert provided advice on the adjustment of the
driving speed when anticipating a hazard (e.g. slowing down in time by removing the foot
from the accelerator and placing it on the brake pedal). The optimal driving speed advised
by the expert was visualised as a graph below the video. The commentary was recorded
by a male voice and was synchronised with the video, pausing the visuals when a longer
description of the scene was required. Additional feedback on the driver’s own performance
was provided by the replay of their training drive along with a graph of their driving speed.
During the replay, the participants did not receive any comments as it was intended that the
drivers should reflect on their driving behaviour and compare it to the expert’s. The drivers’
self-rated HPS and driving skills were measured before and after the training and measures
between training and control groups were compared.
The study design and the results are described in detail in Chapter 8 (Paper IV).
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3Findings and discussion
The PhD project focuses on HPS in pedestrian-related situations and on the possibility to
improve these skills. Combined, the research contributes with new knowledge of HPS,
particularly hazard response and fixation among young drivers. The results are relevant
for the development of interventions to improve HPS among young drivers in situations
demanding higher HPS, such as situations in which a pedestrian, a potential hazard, is
hidden. Furthermore, this project contributes to the development of a short HPS training
intervention in a driving simulator. In Section 3.1 findings related to young drivers with
varying levels of HPS are presented and discussed. Differences of HPS in child- and adult-
related situations are described in Section 3.2 and improvements of HPS by a training
intervention are presented in Section 3.3. Strengths and limitations of the PhD project are
summarised and discussed in Section 3.4.
3.1 Young drivers with higher and lower HPS
In the first study, two sub-groups of drivers, with higher and lower HPS, were defined based
on the drivers’ hazard response in a driving simulator. Among young drivers of similar
experience, age, and same gender (male), the sub-group of drivers with lower HPS are the
drivers who did not respond to the potential hazards by lowering speed or by adjusting
their lateral position further away from the pedestrian. The two sub-groups of drivers
with lower and higher HPS could only be differentiated in situations with visible potential
hazards, not in the situations with hidden hazards. Analysis of hazard fixation and visual
attention showed that drivers with lower HPS fixated on the pedestrians for the first time
when being closer to them, therefore having less time available to respond to the hazard
in an adequate manner, if pedestrians suddenly decided to cross the street. Drivers with
lower HPS also had longer dwells and fewer, but longer fixations. Additionally, the drivers
with lower HPS fixated less on the pedestrian when they had stopped running and did not
look at the speedometer. A summary of the hazard fixation comparison between ‘higher
HPS’ and ‘lower HPS’ sub-groups is shown in Table 3.1. The results also showed that the
drivers with lower HPS had lower self-assessment of their HPS. However, the consistency
between objectively and subjectively measured HPS was detected only in the visible thus
easier pedestrian-related potential hazards.
Efficient and accurate prediction of the traffic situations in the driving environment is a key
skill for safe driving (e.g. McKnight & McKnight, 2003). When the hazard was visible and
the driver had to predict the behaviour of the pedestrian, this study differentiated between
drivers who would slow down (the sub-group of drivers with higher HPS) and the drivers
who would not adjust their speed (the sub-group with lower HPS). However, there was
no clear difference between drivers of these two sub-groups when responding to hidden
potential hazards that had to be predicted based on environmental precursors. This result is
in line with studies analysing HPS of drivers with varying experience in a variety of hazard
types, demonstrating that hidden hazards can be more difficult to be identified by novice
drivers (Borowsky et al., 2010; Crundall et al., 2012, 2010; Crundall, 2016). The sample of
this study might have included participants with too similar levels of experience to show
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Tab. 3.1: Comparison of hazard fixations between ‘higher HPS’ and ‘lower HPS’ sub-groups
in visible and hidden conditions in adult potential street-crossing situations.
higher HPS lower HPS
• fixated more than once on the
pedestrian
• fixated continuously on the pedes-
trian
• fixated on the speedometer one or
more times
• longer distance driven until the
first fixation
• longer dwell time
• did not fixate, but swiped over the
pedestrian
this experience-based difference, suggesting that hidden hazards were too demanding for
the young drivers tested in the study. However, all drivers who did not respond to the
visible potential hazard did not respond either to the hidden potential hazard, supporting
the conclusion that higher levels of HPS are needed to detect hidden hazards, and indicating
that the non-responding participants had the lowest HPS among the participants.
In this study, eye movements were analysed and fixations were used as a measure of de-
tection and visual attention to the hazards. The sub-group with lower HPS had fewer
drivers who fixated on the pedestrians after they had stopped running, indicating that
these drivers were not considering that the potential hazard could develop into an actual
threat. The sequence of the fixations showed that a larger share of drivers within the
higher HPS sub-group followed the pedestrians’ movements, from the onset of the hazard
until the driver passed them, in comparison to the drivers in the lower HPS sub-group.
This result suggests that the drivers with higher HPS paid closer attention to potential
hazards. Even though it can be argued that longer fixations on the pedestrian could limit
the driver’s capacity for perceiving other possible dangers in the environment, in these
particular situations, there were no other pedestrians around that could evolve into a hazard
simultaneously. In addition, the fixation analysis showed that the drivers with higher HPS
considered their driving speed more by having more fixations on the speedometer. As Harré
(2003) found that drivers make poor speed estimations in the presence of pedestrians, not
checking the speedometer or doing it too late could support the other indicators of a lower
HPS. Looking at the speedometer is of particular importance in this simulator setting, as
the simulator does not provide the motion cues required for a very accurate speed estimation.
The study also showed that all the drivers noticed the pedestrians, but not all of the drivers
responded by decreasing the speed. After fixating on the pedestrians, did they recognise
them as a potential hazard but did not choose to slow down as an adequate response to the
potential hazard? Further studies could employ additional detection measures to examine
the drivers who did not respond to the hazard. One method could involve filming the driver’s
feet to observe whether the driver is keeping a foot on the brake pedal ready to brake when
approaching the pedestrian. This measure, as a supplementary measure to the decrease
of speed, could provide an indication of whether the driver considered the pedestrian as a
potential hazard. Additionally, physiological response measures, for example, electro dermal
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activities like palmar sweating response and skin potential reflex (e.g. Steinberger et al.,
2017; Takahashi et al., 2017) could be employed. These indirect measures give relevant
insight into the driver’s physiological arousal in hazardous situations suggesting that skin
potential reflex is a suitable evaluation index for hazard detection and appraisal (Takahashi
et al., 2017).
Correct estimation of own HPS is essential for road safety (Horrey et al., 2015). Drivers
who do not correctly estimate their own skills might fail to respond to hazards, thus placing
themselves and other road users at risk (e.g. Deery, 1999). The results of this research
show that objectively and subjectively measured HPS were in line in the visible condition.
These findings are different from those of other studies where objective and subjective
HPS were compared (Farrand & Mckenna, 2001; Martinussen et al., 2017). While Farrand
and Mckenna (2001) did not find a relation between self-assessed HPS and objectively
measured HPS, Martinussen et al. (2017) found that young drivers overestimate their HPS.
However, the discrepancy of results of the present study to Farrand and Mckenna (2001)
and Martinussen et al. (2017) can be explained by the method of how objective skills were
measured and what kind of hazards were used to assess the objective HPS. In this study, the
link between hazard detection and response, which was missing in both previous studies,
was included. The results suggest that subjectively measured HPS are indeed a relevant
indicator of objectively measured HPS, but only for visible and not for more complex hazards,
such as a hidden potential hazard.
3.2 Young drivers’ HPS in situations with adult and
child pedestrians
This study was the first to examine young drivers’ approach speed to different types of pedes-
trians and fixation on them in a driving simulator. It was found that all drivers demonstrated
lower HPS when approaching a child pedestrian than an adult pedestrian; fewer drivers
responded by slowing down to a child than to an adult pedestrian. Moreover, the drivers
had a higher approach speed in the potential hazard involving the child pedestrian. The
fixation analysis demonstrated that the drivers had a longer first fixation on the child than
on the adult pedestrian. The drivers also fixated on the adult pedestrian more often than on
the child pedestrian.
Even though the child pedestrian behaviour brings higher risks into road safety due to imma-
turity, lack of experience and low motor skills, drivers in the study did not consider this by
speed reduction in potential street-crossing situations. One reason for not responding could
be the experimental setting used. There is a lack of disparity information (i.e. binocular
cues for depth perception) when driving in the simulator and the frame of the screen could
provide with a cue to the flatness that might have an effect on depth and distance perception
of the objects visualised in the scenarios (Andersen, 2011). Additionally, it might be that,
due to the lack of appropriate cues for presenting varying movement patterns between
children and adults, children could have been perceived as ‘small adults’. However, in that
instance, the same response to both types of pedestrians could be expected, which was not
the case in this study. Another reason for the higher speed around child pedestrians could
be that drivers did not estimate their driving speed correctly. As Harré (2003) found in a
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naturalistic driving study, drivers tend to underestimate their actual driving speed in the
presence of pedestrians. An alternative explanation for why drivers did not slow down or
had even a higher driving speed for the child pedestrian is that drivers wanted to avoid any
misleading signals, as they may think that children, more than adults, might understand this
as an encouragement to cross the street. An additional explanation could be that drivers
actually did not consider the limited abilities of children to cope with traffic.
Results of the study demonstrated no differences in the time when the pedestrian was fixated
for the first time depending on the pedestrian type. However, drivers had a longer first
fixation on the child pedestrian, indicating an increased processing and appraising of the
potential hazard (e.g. Chapman & Underwood, 1998). This finding might confirm that, even
though drivers saw the pedestrian at the same time and therefore were as much aware of
the presence of the child pedestrian as of the adult, they did not find it necessary to adjust
their driving speed accordingly to the possible cognitive and motor limitations of the child
in traffic. Young drivers might be not aware of the risks associated with child pedestrian;
however, to confirm this, a further qualitative study is required.
3.3 HPS improvements by a short training
intervention
One of the reasons why drivers’ HPS are increasing so slowly is the lack of correct perfor-
mance feedback regarding their skills, which is hard to obtain while driving on the road
unless being involved in accidents (Horswill et al., 2017). In this study, by allowing drivers
to perform errors in the simulator, they received feedback on the HPS that they lack on the
road. An expert’s commentary provided drivers with explicit advice about pedestrian-related
potential hazard fixation and response, and training drive replays allowed them to reflect on
their driving performance compared to the expert’s.
The experimental study demonstrated that training drive, supplemented by an expert’s
commentary and the replay of the training drive, has a quantitative beneficial effect on
improved tactical HPS particularly in more challenging, hidden pedestrian-related potential
hazards. While it is not possible to separate out the effects of the training drive in the
simulator from the instructions provided via the expert’s commentary and the performance
replay videos, it can be concluded that as a whole the training has a positive effect on young
male drivers’ hazard fixation and response, at least concerning driving in the simulator.
These results are supported by the previous findings in studies examining error training’s
effect in the simulator (Ivancic & Hesketh, 2000; Vlakveld et al., 2011).
In the study, drivers presented limited improvements in HPS in visible pedestrian-related
potential hazard situations. This behaviour may be explained by the level of HPS the par-
ticipants began the training with. It is possible that the young drivers in the sample had
sufficient skills to detect the visible, easier hazards and respond to them and hence could not
benefit from the intervention. Future research is required to examine whether the training
has a higher effect for drivers with lower than higher HPS.
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Trained drivers had lower self-assessed hazard perception skills after the training than
before, suggesting that exposure to the critical situations and the possibility to negotiate
them, might have increased the drivers awareness of the limitations of their driving skills
(Ivancic & Hesketh, 2000; McKenna et al., 2006). The training drive together with the
expert’s commentary and the replay of the driving performance might have provided relevant
feedback that is often very sparsely available for drivers to correctly assess their HPS in the
daily driving (Horswill et al., 2017).
The effect of the intervention suggests that the training method could be used as an initial
step towards the development of a relevant training module for tactical HPS training in a
pedestrian-related situation using a driving simulator.
3.4 Strengths and limitations
This study is the first to provide insights into pedestrian-related situations by examining the
differences among young drivers regarding their HPS measured in a driving simulator. It is
also the first to compare the detection and response to the potential hazards instigated by
child and adult pedestrians in a driving simulator. Additionally, the effect of error learning in
the simulator supplemented by a commentary and visual feedback to increase young drivers’
HPS focusing on pedestrian-related potential hazards was studied for the first time.
One aspect that was not considered in the project is the driver’s absolute speed when ap-
proaching the potential hazard. Even though drivers were instructed to drive at 50 kilometres
per hour, it is possible that in some cases drivers who did not respond to the potential hazard
had a low initial driving speed when approaching the hazard location. If the initial speed
was low, drivers would not be required to decrease the speed when approaching a potential
hazard even for drivers with higher HPS. Additional measures (e.g. filming of feet) could be
employed in future simulator studies to examine whether drivers considered the pedestrian
as a potential hazard thus indicating higher HPS.
Another limitation of this project is that the sample of the young drivers tested and trained
consisted of drivers between 18 and 24, therefore some drivers may have already acquired a
considerably higher experience than others, thus influencing the differences in HPS. However,
an analysis showed that the two sub-groups of drivers with higher and lower HPS had a
similar composition in terms of age and experience. Nevertheless, it is suggested for further
studies to identify the drivers’ initial HPS before the training to estimate the need for the
particular intervention. As demonstrated, subjective measures of HPS can serve as a proxy
for objective HPS and could be used to detect people who require HPS training.
As other simulator-based training studies (Vlakveld et al., 2011; Wang et al., 2010a), in this
study the drivers were tested right after the training; therefore, long-term retention was not
evaluated. For the future, longitudinal studies are suggested to evaluate the retention of
the training. Finally, as with other driving simulator training methods, it is not possible to
conclude how trained HPS would transfer to the driving on the road, therefore a follow-up
on-road study is highly relevant.
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4Conclusions and perspectives
The research in this project focused on examining and improving HPS of young drivers in a
driving simulator, increasing the existing knowledge of the pedestrian-related situations from
the drivers’ perspective. More specifically, it was aimed to examine the differences in HPS
among young drivers, based on the hazard response, hazard fixation and self-assessment
of HPS. Furthermore, the objective was to examine driver’s HPS in relation to the potential
hazard situations with adult and child pedestrians. Finally, it was aimed to improve driver’s
tactical HPS focusing on pedestrian-related situations of various difficulty by a short training
intervention.
This project identified and examined two sub-groups of young drivers based on the hazard
response and provides insights into the different aspects of HPS, such as hazard fixation and
self-assessment. The findings of this study contribute to an increased understanding of the
hidden and visible pedestrian-related potential accident situations from the perspective of
young drivers. The study indicates a need for training focusing not only on the detection but
also on an adequate response to hidden pedestrian-related potential hazards that demand
more advanced HPS.
This project is the first to compare the hazard fixation and response to child and adult
pedestrians in a driving simulator. A need for raising awareness on the necessity of speed
adjustment in potential street-crossing situations, especially those involving children, and to
find solutions on how to mitigate these accident occurrences, was identified. The results
contribute to the understanding of what should be taken into consideration when creating
the curriculum for learner drivers in order to ensure that a variety of hazards are included in
HPS training. The training should include hidden pedestrian-related potential hazards that
are more challenging for young drivers. Additionally, drivers should be trained to search for
and respond adequately to different types of pedestrians.
The results of this project also could be used for increasing pedestrian knowledge of how
drivers differ in their detection and response to them, which might affect pedestrians’ de-
cisions of crossing the street in unmarked locations. In addition, a better understanding
of how and why drivers respond to different types of pedestrians could contribute to the
development of better pedestrian detection and emergency braking systems.
In this project, training based on error learning supplemented by an expert’s commentary
and visual feedback was explored for the first time to increase young drivers’ hazard fixation
and response specifically to pedestrian-related potential hazards. The results show that the
short training intervention improved driver’s HPS in pedestrian-related potential hazards in
the hidden situations that are more challenging for young drivers. This type of intervention
in the driving simulator, further improved with separated child and adult situations in various
road environments, could be considered as an additional tool to improve the driver learning
curriculum in addition to the traditional means of driver training. As the implementation of
a commentary video is relatively easy and since simple driving simulators are becoming more
available and affordable to the wider public, HPS training in pedestrian-related situations
in a driving simulator should be considered. It would be naive to reason that HPS training
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in a simulator alone could influence young drivers’ behaviour, because if not motivated to
employ the learned skills in the daily driving, the accident rates will remain high among
young drivers. Therefore, to achieve sufficient effect, HPS training in a simulator needs
to be included into the overall learning curriculum, traditionally taught in classrooms and
mastered on-road with an instructor. Additionally, this intervention could be applied to
train other types of hazards in a driving simulator to examine if it only improves HPS in
pedestrian-related situations or is generally applicable.
Further studies are suggested to examine whether drivers in all age, gender, and experience
groups perform similarly in pedestrian-related situations, helping to tailor this problem to
the relevant target groups and adjust preventive methods not only for young drivers but the
rest of the driver population.
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Abstract 
Young male drivers have lower hazard perception skills (HPS) than older and more experienced 
drivers and a tendency to overestimate their skills in hazardous situations. Both factors contribute 
to an over-representation in traffic accidents. Based on a sample of 63 drivers aged 18-24, this 
study compares the consistency of HPS measured by objective and subjective measures and the 
link between these measures is the key contribution of the study. Both visible and hidden hazards 
are included. Objective measures of HPS include responsiveness and eye movements while 
driving in a driving simulator. Subjective measures of HPS include self-reports derived based on 
the Hazard Perception Questionnaire (HPQ), Driving Skill Questionnaire (DSQ), and Brief 
Sensation Seeking Scale (BSSS). Results show that drivers who respond to the hazards on time, 
as compared to drivers who do not respond, have higher scores on subjective measures of HPS 
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 and higher driving skills in the visible but not in the hidden condition. Eye movement analysis 
confirms the difference and shows that response in time to hazards indicate higher HPS and 
young drivers are poor at detecting hidden hazards. Drivers with a response in time locate the 
hazard faster, have more fixations, but dwell less on the hazard. At the same time, those who do 
not respond have a later first fixation and fewer but longer fixations on the hazard. High sensation 
seeking drivers respond to visible hazards on time, suggesting that sensation seeking does not 
affect HPS negatively when the hazard is visible. To enhance the HPS among young drivers, the 
results of this study suggest that specific hazard perception training is relevant, especially for 
hazards that require more advanced HPS. 
Keywords: Young male drivers, Hazard perception skills, Driving simulator, Eye movements 
1 Introduction 
Road traffic injuries remain the leading cause of death among 15-29 year olds worldwide (World 
Health Organization, 2015). Young, and in particular male drivers are more prone to engagement 
in high-risk driving behaviours (Constantinou et al., 2011; Halpern-Felsher et al., 2017) and 
continue to be over-represented in accident statistics despite general improvements in road safety 
levels and developments in training and testing (ITF, 2017). Studies show that HPS is a key factor 
in relation to unsafe driving and accident involvement (e.g. Fisher, Pollatsek and Pradhan, 2006; 
McKnight and McKnight, 2003; Pollatsek et al., 2006). In line with an established definition 
(Crundall et al., 2003), we operationalise HPS as a driver’s ability to detect and respond in time 
and appropriately to potentially dangerous events on the road. 
HPS are typically measured with direct behaviour methods where participants know that hazards 
will occur and a quick response to the hazards is requested. Examples of direct measures include 
response latency assessed by pushing a button (e.g., Borowsky et al., 2010; Underwood et al., 
2005), pointing tasks (e.g., Scialfa et al., 2013, 2012, 2011) or mouse clicking tasks (e.g., Smith 
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 et al., 2009). Indirect behaviour measures, namely, reactions to hazards when driving in a 
simulator (e.g., Martinussen et al., 2017; Schall et al., 2013; Young et al., 2017) and eye 
movements (e.g., Borowsky et al., 2010; Crundall et al., 2012, 2003) are also used. In that case, 
participants do not know that hazardous situations will occur, which brings participants closer to 
the naturalistic driving situation. It is argued that, due to the complexity of hazard perception skills, 
reaction time alone is a too simple measure of HPS (e.g., Huestegge et al., 2010; Sagberg and 
Bjørnskau, 2006). With indirect measures it is possible to detect driver behaviour before and after 
the actual hazard is presented. By analysing eye movements it is possible to estimate if a driver 
has searched and detected the hazard, and by analysing driving behaviour, variations in driving 
speed, braking, and variations in steering indicates drivers’ chosen response to it.  
Although young drivers generally have lower HPS compared to more experienced drivers, the 
level of HPS also differs within sub-groups of young drivers. Moreover, it is unknown whether 
non-responsive drivers do not interpret hazards as potentially dangerous and therefore do not 
respond, or if they fail to detect them. Studies have aimed to separate the process of detection 
and response to the hazards. Young novice and experienced drivers differ in their hazard 
perception accuracy, when time available for detection is manipulated (Jackson et al., 2009); 
young drivers still detect fewer hazards when they have more time available. Additionally, novice 
and experienced drivers have different processing speeds after a hazard is detected, which 
affects reaction time (Huestegge et al., 2010). Research on eye movements suggests that 
inexperienced drivers detect fewer hazards (e.g. Fisher et al., 2006; Pradhan et al., 2005), have 
a narrower horizontal spread of search (Underwood et al., 2003), and fewer (Pradhan et al., 2005) 
but longer fixation durations (Chapman and Underwood, 1998) indicating a longer processing 
time. It still remains unclear how young drivers with higher and lower HPS differ when detecting 
and responding to hazards. 
31
 In this study, we measure drivers’ response to potential hazards based on changes in driving 
speed. Additionally, with eye movements, we measure hazard detection to validate the response 
behaviour (changes in driving speed). 
According to Crundall et al. (2012), it is relevant to make a distinction between visible and hidden 
hazards. Visible hazards have behavioural cues directly related to the hazard. Examples include 
a blinking turning car starting to drive out of the roadside parking, and a pedestrian standing on 
the pavement ready to enter the street. Hidden hazards have environmental cues not directly 
related to the hazard. Examples include a possible but not yet visible road user who may arrive 
on a collision course, such as a pedestrian behind a bus at a bus stop. Another example of a 
hidden hazard is a driveway or curve with an object restricting the view of possible traffic 
approaching from it. Hidden hazards require more advanced HPS than visible hazards. HPS 
increase with driving experience (e.g. Horswill and McKenna, 2004) and therefore understanding 
HPS of young, less experienced drivers is of particular interest.   
In addition to actual HPS, accurate subjective assessment of one’s own HPS is important, as this 
provides the basis for relevant behavioural adjustments in challenging traffic situations and the 
avoidance of unintended risky driving (Deery, 1999). The extent to which drivers assess their HPS 
accurately can be examined by comparing subjective and objective measures of HPS.  
To the best of our knowledge, only two studies have compared the consistency between objective 
and subjective measures of HPS among young drivers: Farrand and Mckenna (2001) examined 
the relationship between self-ratings of risk perception and objective HPS assessed by recording 
response latencies in a video based HP test, while Martinussen et al. (2017) examined the 
accuracy of self-reported HPS compared to objectively measured driving skills in a driving 
simulator. Among other driving related skills (overtaking, maintenance of safe gap to car in front) 
objective hazard prediction and detection was measured as a reduction in driving speed prior to 
the hazardous event and as a latency to braking after the start of the hazardous event.  
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 While Farrand and Mckenna (2001) found that self-assessments were not related to the 
objectively measured HPS, Martinussen et al. (2017) found that young drivers overestimated their 
HPS. Moreover, Martinussen et al. (2017) concluded that sub-groups of young drivers are at a 
‘double’ risk because, in addition to inaccurate self-assessments and low objectively measured 
HPS, they also scored higher in sensation seeking, a factor known to be related to risky driving 
behaviour (Gregersen, 1996; Schwebel et al., 2006). Sensation seekers have a higher threshold 
for what they consider risky and even seek out risky situations (Zuckerman, 2007, 1978). They 
accept higher risks and may thus have a higher threshold for reacting to potential hazards. By 
contrast, low sensation seekers are more inclined to judge incidents as hazardous (e.g. Horswill 
and McKenna, 2004). Consequently, sensation seeking may influence hazard perception and is 
therefore relevant to consider when exploring HPS.  
With a focus on young drivers, the purpose of this study is to compare the consistency between 
self-assessed, and objectively measured HPS in visible and hidden hazard situations, and to 
examine the possible influence of a sensation seeking propensity. Eye movement analysis is 
included to determine if participants detected the hazards and thus to assess their HPS in 
combination with behavioural response measures.  
Our hypotheses are as follows: 
Hypothesis 1: In line with the findings of Martinussen et al. (2017), we expect that objectively and 
subjectively measured HPS are inconsistent; drivers with lower objective HPS have higher or the 
same self-assessed skills than drivers with higher objective HPS.  
Hypothesis 2: The possible inconsistency between objective and subjective measures of HPS will 
be more pronounced in relation to hidden hazards, because hidden hazards require more 
advanced HPS than visible hazards (Crundall et al., 2012).  
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 Hypothesis 3: Participants who detect potential hazards (measured by eye movements) but do 
not react to them (measured by changes in driving speed) score higher in self-assessed sensation 
seeking measures.  
Hypothesis 4: Drivers with higher hazard perception skills measured in the driving simulator have 
more efficient eye movement patterns, meaning they look at the hazard more frequently (Pradhan 
et al., 2005) but for shorter time intervals (Chapman and Underwood, 1998). 
The remainder of this paper is organized as follows: Section 2 describes the applied method and 
data analysis, Section 3 describes the results, and Section 4 discusses limitations and future work 
and conclusions of the study. 
2 Method 
2.1 Participants 
Sixty-three young drivers, recruited among university students, participated in this study. The 
participants were 18 to 24 years old (M = 21.8, SD = 1.4), had normal or corrected to normal 
vision, and had had a driving licence for 0.5 to 6 years (M = 3.7, SD = 1.3). For 91 % of the 
participants their annual mileage was less than 10,000 km. They received a gift card (worth about 
30 €) or credit points for participation.  
2.2 Equipment and materials 
2.2.1 Driving simulator and eye tracking equipment 
A fixed-base medium-fidelity simulator was used to create the virtual driving environment and 
conduct the experiment. The simulator is composed of a cockpit equipped with all necessary 
control systems similar to a real car. The graphics system consists of three 42” plasma displays; 
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 the front screen has 1920 x 1080 dpi and the two side screens have 1360 x 768 dpi resolution. 
Displays are located around the cockpit, providing a 150° horizontal and 40° vertical perspective 
where scenarios are presented at a rate of 60 frames per second. Speedometer, rear- and side-
view mirror information is visible on the centre and side screens. Additionally, the driving simulator 
has a 5.1-channel 3D sound system providing a rich audio environment with the sound of the 
engine, wind and tyres (Figure 1) The real-time simulation and modelling are controlled with 
SCANeR Studio software, developed by OKTAL.  
 
Figure 1 The driving simulator set-up 
A Tobii Pro Glasses 2 eye tracker recorded the drivers’ eye movements with a sampling frequency 
of 50 Hz and a Tobii I-VT Fixation Filter (minimum fixation duration = 60 ms, velocity threshold = 
30°/s, and max angle between fixations = 0.5°) as a fixation classification algorithm was used to 
filter out fixations from the raw eye tracking data (Tobii Technology, 2012). Videos were analysed 
with Tobii Pro Lab software.  
2.2.2 Simulated scenarios 
Six hazard situations were created and presented to the drivers in two different conditions (visible 
and hidden) and with two different groups of pedestrians (adult and child), meaning that 
participants encountered 24 hazard situations. The experiment consisted of three drives, each 
three kilometres long and the 24 hazards were equally distributed among the drives (8 hazards 
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 per drive). The drives were designed in a virtual city with buildings, intersections, parked cars, 
and street furniture to represent an urban street in Denmark with occasional traffic travelling in 
both directions and pedestrians walking on the pavement.  
The present study analysed the drivers’ response in the one of the hazard situations with an adult 
pedestrian in visible (Figure 2) and hidden (Figure 3) conditions. In both conditions, a pedestrian 
was standing on the pavement on the left side of the street and as the driver approached, 50 m 
before the hazard, the hazard window started; the pedestrian began running towards a ball, which 
was placed on the opposite side of the street. The pedestrian entered the road and stopped after 
two meters. The ball served as a cue to the driver that the pedestrian could continue crossing the 
street. In the visible condition, the participant could see the pedestrian during the entire hazard 
window. In the hidden condition, the pedestrian disappeared behind the parked car, and became 
partly visible only as the participant passed the parked car. The hazard window ended when the 
participant had passed the standing pedestrian. The participant had to brake to avoid an accident 
in case the pedestrian decided to continue crossing the road. This one particular hazard was 
chosen because that was the only situation where the pedestrian entered the street and the driver 
had to respond by lowering the speed to avoid the possible accident if the pedestrian continued 
running. In all other hazard situations pedestrians were on the pavement or were standing on the 
side of the street and therefore did not require active response from the driver. 
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Figure 2 Visible hazard 
 
Figure 3 Hidden hazard 
2.2.3 Questionnaire 
To measure subjective/self-assessed HPS and general driving skills, we used the Hazard 
Perception Questionnaire (HPQ) (White et al., 2011) and the Driving Skills Questionnaire (DSQ) 
(McKenna and Myers, 1997). Participants were asked to compare their hazard perception skills 
(6 items), their overall,  (1 item ‘Relative to the average driver how skilful do you think you are?’) 
and specific driving skills (17 items) to the skills of an average driver on a seven-point scale from 
1 (much less) to 7 (much more) with a midpoint of 4 (the same).  
The Brief Sensation Seeking Scale (BSSS) (Hoyle et al., 2002) was used to measure the 
participants’ sensation seeking propensity. Participants were asked to rate eight sensation 
seeking propensity statements as true or false for them. The statements regarded adventure 
seeking, social disinhibition, thrills, susceptibility to boredom, and experience seeking.  
Background data included driver’s age, years of owning a driver’s license, and annual mileage 
measured in four categories (Table 2). 
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 2.3 Procedure  
The experimenter presented the participants with written instructions for the experimental 
procedure. The participants were informed that the goal of the study was to examine their 
everyday driving style. Following a demographic questionnaire, the participants undertook a 
practice drive to get accustomed to the simulator. Next, they were equipped with the eye-tracker 
and the eye-tracker was calibrated. The experiment continued with three drives presented in a 
random order (randomized using a Latin Square procedure). After each drive, the participants 
filled out one of the three questionnaires (HPQ; DSQ; BSS) in a randomized order. The whole 
experiment lasted about 30-45 minutes.  
2.4 Data analysis 
This section describes the methods of data analysis applied to the driving simulator data (Section 
2.4.1), eye-tracker data (Section 2.4.2) and questionnaire data (Section 2.4.3).  
2.4.1 Simulator data analysis 
Driving speed was continuously recorded during each drive, but only the data for each hazard 
window were included in the analysis. A decrease in driving speed within the hazard window 
indicated that the driver had spotted the hazard and this was interpreted as responsiveness to it. 
For each participant, the average speed was calculated and compared in five 10-metre intervals 
within the hazard window. The first interval with a significant reduction in driving speed (>2S D 
from average) was identified as the response time. A ‘critical point’ of two seconds before the 
hazard (the pedestrian) was calculated for each participant to determine the location (based on 
the individual driving speed of each driver) after which the driver could not avoid the hazard by 
braking if the pedestrian had continued across the street (e.g., Olson and Sivak, 1986). Based on 
the changes in average speed, three groups were identified; response in time (if the speed change 
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 interval occurred more than two seconds before the hazard), late response (if the speed change 
interval was closer than two seconds to the hazard), no response (no significant changes in 
average speed) (Figure 4). 
Due to too few participants in the ‘late response’ group (one in hidden condition and one in visible 
condition), this group was excluded from further analysis.  
 
Figure 4 The hazard window 
2.4.2 Questionnaire data analysis 
To analyse subjective skills, the overall sum-score for HPQ, two sum-scores for DSQ (‘overall 
driving skills’ and ‘driving skills in specific situations’), and the overall sum-score for BSSS were 
calculated. 
The Cronbach’s Alpha levels indicated an acceptable scale reliability (Peterson, 1994) for both 
HPQ (α = 0.89) and DSQ (α = 0.87). Mann-Whitney U-tests compared the sum-scores of the 
questionnaires for the two response groups of drivers in each condition. 
Response in time 
Late response 
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 2.4.3 Eye movement analysis 
Analysis of general eye movements and fixations was based on mean fixation durations, and the 
standard deviation of fixation in the horizontal plane described the general eye movements of 
drivers.  
Areas of interest (AOI) which covered the pedestrian and followed it during the whole hazard 
window were created. For each AOI, the number of fixations, dwell time, and meters to the first 
fixation on it were analysed. Dwell time was defined as the sum of all fixations in the AOI, 
represented as the percentage of the total length of the hazard window (i.e. the dwell time is 100 
if the driver looks at the hazard all the time during the hazard window). To get the location where 
the hazard was first fixated upon, the participant’s driving speed was combined with the time to 
the first fixation.  
3 Results 
The results of this study are presented in three sections. Section 3.1 shows the objective hazard 
perception skills in hidden and visible conditions, Section 3.2 expands these results by an analysis 
of eye movements, another objective hazard perception measure. Section 3.2 describes the 
relation between the objective and the subjective hazard skills.  
3.1 Behavioural response to hidden and visible hazards 
Two groups of responses to hazards were distinguished: response in time and no response. In 
the visible condition (N = 62), 49 (79%) participants responded in time to the hazard, while 13 (21 
%) did not respond. In the hidden condition (N = 61), 36 (59%) participants did not respond to the 
hazard, while 25 (41 %) responded in time. Drivers that failed to respond to the visible hazard 
also failed to respond to the hidden hazard; no drivers responded in time to the hidden hazard 
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 and not to the visible hazard. However, almost half (45%) of those who responded in time to the 
visible hazard did not respond to the hidden hazard (Table 1).  
Table 1 Cross-table of drivers in each group for both hazards 
 
Hidden hazard 
No response Response in time 
Visible hazard No response 13 0 
Response in time 22 25 
 
Analysis of demographic variables did not show significant differences in age, experience, and 
mileage between the two groups for both hazards (Table 2). 
Table 2 Groups' mean age, experience and median of category of mileage for both hazards 
  Age (years) Experience (years) Mileage¤ 
Visible No response (N = 13) 21.85 (1.21) 3.73 (1.23) 1 
Response in time (N = 49) 21.84 (1.45) 3.71 (1.29) 1 
Hidden No response (N = 36) 21.94 (1.12) 3.71 (1.11) 1 
Response in time (N = 25) 21.64 (1.73) 3.76 (1.51) 1 
¤ Measured in 4 categories (km/year): 1. ≤ 5000; 2. 5001-10,000; 3. 10,001-15,000; and 4. ≥15,001 
Standard deviation shown in brackets.  
 
3.2 Eye movements 
To obtain more precise profiles of the drivers in both groups, their eye movements were analysed. 
Due to calibration problems, the gaze of seven participants in the visible hazard drive, and eight 
in the hidden hazard drive could not be precisely tracked, thus, the eye movement analysis 
contains 56 participants (N = 12 for ‘no response’ group, and N = 44 for ‘response in time’ group) 
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 in the visible condition and 55 in the hidden condition (N = 33 for ‘no response’ group, and N = 22 
for ‘response in time’ group). No significant differences with regard to the average fixation duration 
and variation of horizontal fixation coordinates were found in visible and hidden condition.  
3.2.1 Fixations on the hazard 
All participants in both conditions had at least one fixation in the AOI. In the visible condition, the 
total number of fixations was higher for the ‘response in time’ group (Mdn = 4) compared to the 
’no response’ group (Mdn = 2); U = 100.5, p = 0.002, r = 0.4. In the hidden condition, the results 
were similar: the ‘response in time’ group had more fixations in the AOI (Mdn = 3.5) compared to 
the ‘no response’ group (Mdn = 2); U = 181.5, p = 0.002, r = 0.4 (Figure 5). 
In the visible condition, the dwell time was higher for the ’no response’ group (Mdn = 54.5) 
compared to the ‘response in time’ group (Mdn = 48.1); U = 149, p = 0.050, r = 0.3. In the hidden 
condition, the results were similar: dwell time in the AOI was higher for the ‘no response’ group 
(Mdn = 19.6) than for the ‘response in time’ group (Mdn = 11.4); U = 233, p = 0.036, r = 0.3 (Figure 
6).  
 
Figure 5 Mean number of fixations for each response 
group for each hazard 
 
Figure 6 Mean dwell time for each response group for 
each condition 
In the visible condition, the distance driven until the first fixation was higher for the ‘no response’ 
group (Mdn = 30.7) compared to the ‘response in time’ group (Mdn = 25.55); U = 99.5, p = 0.003, 
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 r = 0.4. In the hidden condition, the ‘no response’ group drove further until the hazard was fixated 
for the first time (Mdn = 30.8) than the ‘response in time’ group did (Mdn = 23.1); U = 149, p 
<0.001, r = 0.5 (Figure 7). The results confirmed our Hypothesis 4. 
 
Figure 7 Mean distance driven from the start of the hazard window to the first fixation for each response group for 
each hazard  
3.3 Consistency between subjectively and objectively assessed hazard 
perception skills 
In the visible condition, participants with a response in time scored higher on self-assessed HPS 
than the non-responding participants (Table 3). Also, the scores for self-assessed overall driving 
skills and driving skills in specific situations were higher for the ‘response in time’ group. Thus, 
contrary to what we expected in Hypothesis 1, subjective skills were consistent with objective 
skills. Contrary to what we expected in Hypothesis 3, ‘response in time’ group had higher 
sensation seeking scores.  
The results of the hidden condition to some degree resemble the results of the visible condition, 
as the existing differences were less pronounced and not significant (Table 4). Thus, contrary to 
what we expected in Hypothesis 2, differences between objectively and subjectively HPS were 
not more pronounced in hidden hazard situations. 
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 Table 3 Visible condition. Comparison of self-assessed measures in ' response in time' and 'no response' groups. 
 
Response in time  No response  Mann-Whitney U-test 
 
N = 49  N = 13     
 
Mdn  Mdn  U  p r 
Hazard perception skills 26  23  210.5 0.047 0.2 
Overall driving skills 5  4  153.5 0.003 0.4 
Specific situation skills 77  76  211.0 0.049 0.2 
Sensation seeking 5  3  211.5 0.054 0.2 
 
Table 4 Hidden condition. Comparison of self-assessed measures in 'response in time' and 'no response' groups. 
 
Response in time  No response  Mann – Whitney test 
 
N = 25  N = 36     
 
Mdn  Mdn  U  p r 
Hazard perception skills 25  25.5  426.5 0.73 0.0 
Overall driving skills 5  5  403.5 0.71 0.1 
Specific situation skills 75  76.5  449.0 0.99 0.0 
Sensation seeking 5  4  339.5 0.10 0.2 
4 Discussion 
This study aimed to better understand why drivers of similar experience, age, and same gender 
differ in their ways to respond to hazards. Objective measures of HPS were assessed when 
approaching hidden and visible hazards in a driving simulator and used to differentiate between 
drivers with high and low HPS. This differentiation was validated by eye movement data. 
Subjective measures of HPS were assessed with questionnaires. In contrast to previous studies 
(Farrand and Mckenna, 2001; Martinussen et al., 2017), we found that young drivers’ objective 
and subjective HPS were consistent, although only for visible hazards. Drivers who responded in 
time had significantly higher subjectively assessed hazard perception and driving skills than 
drivers who did not respond to the hazards.  
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 A potential explanation for the discrepancy of our results to Farrand and Mckenna (2001) can be 
the differences in the definition and measurement of objective HPS. We separated and compared 
two groups of drivers based on their responsiveness to hazards measured by decrease in speed 
in the driving simulator. By contrast, Farrand and Mckenna (2001) used a button pressing task, 
which measures whether drivers detect the hazard and not whether they also would respond in 
time to avoid a collision. Consequently, in the study by Farrand and McKenna the link between 
hazard detection and response to the hazard - an essential part of HPS - remains unidentified. In 
our results, hazard detection and response is linked, and the results suggest that subjectively 
measured HPS are indeed a relevant indicator of objectively measured HPS. However, the results 
also suggest that the HPQ predicts responsiveness to visible hazards, but not to more complex 
hazards that require anticipation. In addition, it must be noted that the HPQ questionnaire was 
administered after one of the drives (in randomised order) which may have influenced the results. 
In future studies counterbalancing the questionnaires with some being filled out before and some 
after the driving scenarios would be relevant to limit possible response bias created by driving.  
Differences to the results of Martinussen et al. (2017) may be related to different methods applied 
to distinguish between high and low HPS in both studies. While we separated the groups based 
on response in time or no response specifically to hazards, Martinussen et al. (2017) separated 
their sub-groups of drivers based on the median of the total score on the behavioural measures 
across different driving skills such as overtaking, maintenance of safe gap to the car in front, 
hazard prediction, and hazard detection.  
Another explanation for the different results compared to previous studies could be related to the 
hazards used to assess objective HPS: Martinussen et al. (2017) used hazards without 
behavioural and/or environmental cues, the situation thus being rather sudden. Studies show that, 
when testing groups with various driving experience, sudden onset hazards (e.g. a child suddenly 
running into the road just in front of the driver) are unlikely to be anticipated by any driver (Yeung 
and Wong, 2015). Farrand and Mckenna (2001) did not specify what kind of hazards were used. 
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 In line with the results of Crundall et al. (2012), our results confirm that hidden hazards with 
environmental cues are less likely to be identified by young drivers than visible hazards with 
behavioural cues. The fact that drivers with a response in time had more efficient eye movement 
patterns and drove longer distances until the first fixation indicates that a lack of response in time 
is a result of low HPS. However, as the results regarding hidden hazards were not significant, the 
hypothesis that hidden hazards differentiate better between low and high HPS could not be 
confirmed. As the ability to anticipate hazards develops slowly with experience (Vlakveld, 2011), 
the level of experience among this study’s participants was probably too similar to detect 
experience-based differences. Further studies with the possibility of a more detailed 
categorization of various experience levels are needed to verify this.  
Based on driving behaviour, we initially identified three groups of drivers: response in time, no 
response and late response. As the ‘late response group’ only consisted of one participant in each 
condition, it was excluded from further analysis. The size of the remaining two groups varied 
between the types of hazards. However, none of the non-responding drivers in the visible 
condition responded to the hidden hazard. This result supports the conclusion that higher levels 
of HPS are needed to detect hidden hazards, and indicates that the non-responding participants 
had the lowest HPS among the participants. To confirm this, future studies including additional 
measures of HPS are relevant, as it is possible that not responding to any hazard is a response 
pattern rather than an actual behaviour. Additionally, drivers might not have responded to the 
hazards because they have learned during the experiment that none of the previous hazards 
materialized. This possible learning effect should be acknowledged as a limitation of this study. 
Contrary to what we expected, sensation seeking scores were higher for drivers who responded 
on time to the visible hazard. This result suggests that a sensation seeking propensity does not 
influence hazard perception negatively, at least not when the hazard is visible.  
All participants in both conditions had at least one fixation on the hazard, suggesting that everyone 
saw the pedestrian. The response measured in the simulator differentiated between drivers that 
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 recognised the pedestrian as a risk, thus having higher HPS. Participants who responded in time 
fixated on the hazards earlier and more often, but had shorter dwells, suggesting shorter process 
time indicating higher HPS, which is in line with previous studies (e.g. Crundall et al., 2012). As 
expected, analysis of eye movements supported the differences between groups in both hazards, 
contributing to the result that behavioural measures (i.e. changes in approach speed) indeed 
discriminated between groups of higher and lower HPS.  
In conclusion, we found a consistency between subjective and objective HPS, but only for visible 
hazards. Our results show that the HPS questionnaire applied in this study can be used to predict 
responsiveness to visible hazards, but not to more complex hazards that require anticipation. 
However, this result may be different for drivers of varying age and experience levels and should 
be explored further. Eye movement analysis confirmed the differentiation between drivers with 
high and low HPS based on the simulator results and provided additional useful information on 
young drivers’ hazard perception.  
As HPS develops with driving experience, the results should be taken into consideration when 
designing the curriculum for new drivers to ensure that a variety of hazards are included in hazard 
perception training. The results of this study can be used to develop specific training programs by 
use of the driving simulator with a particular focus not only on detecting, but also adequately 
responding to hidden hazards that demand more advanced HPS. This could be useful to ensure 
that new drivers have high HPS when acquiring their licence. 
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potentially hazardous pedestrian events: 
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Abstract 
This study examines drivers’ fixation sequences and compares them to the responsiveness 
measured in a driving simulator. The assessment is based on a comparison of driving simulator 
based hazard detection skills with eye movement patterns. Sixty-three 18-24-year-old male 
drivers’ response to a pedestrian potentially crossing the street was examined and used as 
indicator of hazard perception skills (HPS). Drivers’ eye movements were examined to gain 
information about differences in scanning patterns between drivers with high and low HPS. 
Drivers with high HPS, fixated on the pedestrian continuously and had more multiple fixations 
on the standing pedestrian than drivers with low HPS. Moreover, more drivers that did not 
respond to the hazard did not fixate on the speedometer and if they did so, then mostly only 
once. The results show that novice drivers with high HPS differ in their eye movement patterns 
from drivers with low HPS. Moreover, drivers with low HPS pose an even higher risk as they 
consider their speed less often than drivers with high HPS.  
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1. Introduction 
Young male drivers show high engagement in high-risk driving behaviours (e.g. Clarke et al., 
2005; Williams, 2003) and remain over-represented in accident statistics. A number of studies 
(e.g. Fisher, Pollatsek and Pradhan, 2006; McKnight and McKnight, 2003; Pollatsek et al., 
2006) found that hazard perception skills (HPS) contribute to safe driving and that a lack of 
HPS is associated with higher accident involvement. HPS include a driver’s ability to detect 
and respond appropriately on time to potentially dangerous events on the road (Crundall et al., 
2003).  
 
Driving requires appropriate visual functioning, and visual perception would not be possible 
without eye movements. When driving, our eyes are constantly moving to fixate on different 
parts of the scene, even though we are mostly unaware of these movements. Although 
peripheral vision is considered as adequate for some tasks (i.e., keeping the vehicle in the 
centre of the line (Summala et al., 1996) and peripheral processing is essential for efficient eye 
direction in scenes (Huestegge and Böckler, 2016), it is insufficient for the detection of traffic 
hazards. This means that the driver has to fixate on the hazard in order to see it (Itti and Koch, 
2000; Maltz and Shinar, 2004). Previous studies (e.g. Muttart, 2013; Pradhan et al., 2005) 
show that novice drivers anticipate less hazards or maintain less attention and as a result fail 
to mitigate hazards by reducing driving speed sufficiently. However, hazard mitigation can only 
occur if the driver is aware of the hazard, and novice drivers typically do not process the visual 
scene as quickly and efficiently (e.g. Chapman and Underwood, 1998) and fixate fewer 
hazards than experienced drivers (Pradhan et al., 2005). Therefore, examination of the driver’s 
visual scan paths is relevant to identify whether a hazard is fixated on and thus perceived by 
the driver. Without this analysis, it remains unknown whether drivers who do not respond to 
hazards do not interpret them as potentially dangerous or fail to detect them.  
 
HPS slowly increase with driving experience (e.g. Horswill and McKenna, 2004). Studies show 
differences between experienced and novice drivers regarding drivers’ visual scanning 
patterns and attentional focus, their hazard detection performance (Konstantopoulos et al., 
2010; Underwood et al., 2003), and anticipatory performance in hazard prediction (e.g. 
Crundall, 2016). However, there are also studies that partly failed to identify relevant 
differences between novice and experienced drivers in hazard perception tasks (Sagberg and 
Bjørnskau, 2006; Underwood et al., 2013). One reason for the inconsistency in the results 
could be differences in the level of foreshadowing of the included hazards. Hazards lacking 
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the requisite amount of foreshadowing do not allow the experienced drivers to demonstrate 
higher HPS than novice drivers (Shahar et al., 2010). Foreshadowing can be a non-hazardous 
event or object in the scene, which attracts a driver’s attention to the potential hazard. Drivers 
who are more experienced could use the foreshadowing of hazards to anticipate that a hazard 
may occur. Crundall et al. (2012) showed that it is relevant to make a distinction between 
hazards based on the level of foreshadowing. In our study, we included two types of hazards 
differing in the level of foreshadowing: visible and hidden hazards. Visible hazards have 
behavioural cues directly related to the hazard. Hidden hazards have environmental cues not 
directly related to the hazard and these hazards are considered to require more advanced HPS 
than the visible hazards. Young novice drivers have more difficulties anticipating hidden 
hazards than visible potential hazards (e.g. Borowsky et al., 2010; Pradhan et al., 2005). The 
discriminatory effects of these cues may be related to experienced drivers being better in 
scanning of driving scenes (Garay et al., 2004; Pradhan et al., 2005). Garay-Vega et al. (2007), 
for example, cued drivers to a potential hazard, such as a pedestrian on the pavement near a 
crosswalk, and later a truck obstructed the pedestrian. Of all those who fixated on the 
pedestrian when on the pavement, significantly more of the experienced drivers afterwards 
scanned towards the crosswalk in front of the truck. Similar results were found for those drivers 
who did not fixate upon the pedestrian on the pavement; more of the experienced drivers 
scanned the critical area in front of the truck. Additionally, drivers tend to underestimate their 
driving speed (Groeger, 2000; Harré, 2003); therefore, lack of attention devoted to the 
speedometer for checking the actual driving speed, can lead to inadequate speed reduction 
when approaching potential hazard.   
 
The primary aim of this study is to examine eye movements to determine participants’ fixations 
on the pedestrian related potential hazards and cues and compare it to HPS assessed by 
measures of behavioural responses. We expect that drivers with high and low HPS measured 
in the driving simulator have distinguishable eye movement patterns. Additionally, we expect 
that drivers with high HPS are more likely to consider their driving speed by fixating on the 
speedometer while approaching the potential hazard. 
2. Method 
2.1. Participants 
Sixty-three 18 to 24 years old (M = 21.8, SD = 1.4) drivers, recruited among university students, 
who had had a driving licence for 0.5 to 6 years (M = 3.7, SD = 1.3) and normal or corrected 
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to normal vision participated in this study. Participants were informed that the goal of the study 
was to examine their everyday driving style. A 30 € worth gift card or credit points was used 
as a compensation for participation.  
2.2. Equipment and materials 
2.2.1. Driving simulator and eye-tracker 
We used a fixed-base medium-fidelity driving simulator utilising SCANeR Studio software 
(OKTAL) for the experiment (see Fig. 1). The driving simulator consists of a cockpit (equipped 
with all necessary controls), three plasma displays, and 5.1-channel 3D sound system. 
Displays provide 150° horizontal and 40° vertical perspective and visuals are presented at a 
rate of 60 frames per second. A speedometer was visible in the centre of the lower part of the 
front screen. The simulator is described in more detail by Ābele et al. (2017). 
 
Fig. 1 The driving simulator 
A Tobii Pro Glasses 2 wearable eye tracker recorded the drivers’ eye movements with a 
sampling frequency of 50 frames per second (FPS) and Tobii Pro Lab software was used to 
analyse videos frame-by-frame. Tobii I-VT Fixation Filter identified fixations in the raw data.  
2.2.2. Driving scenarios 
The experiment consisted of three drives through a virtual city that represented a typical urban 
street in Denmark. Each drive was three kilometres long. The experiment included a scenario 
in which an adult pedestrian stands on the pavement on the left side of the street and as the 
driver approaches, 50 metres before the driver reaches the pedestrian, the pedestrian begins 
to run towards a ball that is placed on the opposite (the right) side of the street. The ball served 
as a cue to the driver that the pedestrian may try to cross the street. This scenario represents 
the most common pedestrian-car accident situation in urban areas of Denmark (i.e., pedestrian 
crossing the street in unmarked location outside the intersection) (Vejdirektoratet, 2015). The 
driver has to brake to avoid an accident in case the pedestrian continues running toward the 
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ball. The study included two different versions of this scenario. In both versions, the pedestrian 
enters the street and stops after two metres. In version one (the visible condition), the driver 
can see the pedestrian all the time (see Figure 2, a). In version two (the hidden condition), after 
starting to run, the pedestrian disappears behind a parked car, but becomes partly visible to 
the driver as he/she passes the parked car (see Figure 2, b).   
 
a. Visible hazard 
 
b. Hidden hazard 
Fig. 2 Potential hazard situation 
2.3. Procedure  
In the beginning, the participants were introduced to the experimental procedure with a written 
instruction guaranteeing that it is the same for all participants. Then, they filled out a 
questionnaire on demographic aspects, and got accustomed to the driving simulator via a 
practice drive. The participants were equipped with the eye-tracker, which was calibrated, and 
the experiment continued with three experimental drives. The experimental session lasted for 
30-45 minutes.  
2.4. Data analysis 
2.4.1. Driving simulator data  
The driving simulator continuously recorded the driving speed during each drive for 63 drivers 
in the visible condition and for 62 drivers in the hidden condition. In the hidden condition, one 
driver did not complete the drive. The speed within the hazard window (i.e. from the moment 
the pedestrian starts running until the moment the driver passes the pedestrian) was used for 
the analysis. The average speed within the hazard window for each 10-meter interval was 
calculated and compared. The first interval, further away from the hazard was detected where 
the driver decreased driving speed for more than two standard deviations. A change of driving 
speed indicated that the driver had spotted the hazard and the decrease was interpreted as 
responsiveness to it.  
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Based on on-set of the speed-related response, we defined three groups: 
 response on time (the interval was further away than 2 seconds before the hazard);  
 too late response (the interval was closer than 2 seconds to the hazard);  
 no response (no significant changes in average speed within the hazard window).  
We excluded the ‘too late response’ group from further analysis, because of too few 
participants (one in the visible condition and another one in the hidden condition) in this group. 
The drivers who braked on time as a response to the potential hazard are considered to have 
higher HPS than those who did not respond (Ābele et al., 2017) 
In the condition where the pedestrian was visible for the driver all the time, most (80%) of the 
drivers responded to the hazard on time (N = 50), while in the hidden condition most (59%) of 
the drivers did not respond to the hazard (N = 36). No drivers that did not respond to the visible 
hazard, responded to the hidden one either (13 drivers); all drivers that responded on time to 
the hidden hazard, responded to the visible hazard as well. However, almost half (22 drivers, 
45 %) of those who responded on time to the visible hazard did not respond to the hidden 
hazard. Age, experience, and yearly mileage between the two groups for both hazards was 
not significantly different.  
2.4.2. Eye-tracker data  
From 63 participants, seven participants’ gaze was tracked imprecisely. Thus, the eye 
movement analysis consists of 56 participants in the visible condition and 55 in the hidden 
condition. To allow comparison of response behaviour and eye movement pattern, sequences 
of fixations were analysed for two groups of drivers: the group of the drivers that responded on 
time to the hazards in both conditions (N = 24) and the group that did not respond to the hazard 
in both conditions (N = 14). Further analysis excluded drivers who responded inconsistently to 
the visible and the hidden hazard. 
Videos with overlay gaze cursor were manually analysed frame-by-frame (50 frames per 
second) to identify sequences of fixations on the objects and locations of the participant’s 
interest within the hazard window. Areas of interest (AOI) were: (1) the pedestrian (during three 
actions: starting to run, running (behind the car in the hidden condition) and stopping on the 
street), (2) the speedometer of the car, and (3) the ball. Fisher’s exact test was used to 
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compare the two groups of drivers based on response to the hazard.  
3. Results 
3.1. Fixations on the pedestrian 
To compare visual scanning pattern of both groups of drivers, we analysed sequences of 
fixations on the pedestrian within the hazard window. More drivers who responded to the 
hazard on time fixated continuously on the potential hazard (i.e. pedestrian) in both conditions 
(see Figure 3) than drivers who did not respond to the hazard (visible: p = 0.003, hidden: p = 
0.002). Additionally, in both conditions more drivers in the ‘response on time’ group fixated 
more than once on the pedestrian when he/she stopped running and was standing on the 
street (see Figure 4) checking if he/she will continue crossing the street or not (visible: p < 
0.000 , hidden: p = 0.005 ). 
 
 
            Fig. 3 Percentage of the drivers looking  
         continuously on the pedestrian  
 
 
Frame-by-frame inspection of the videos revealed two types of gaze patterns towards the 
standing pedestrian: ‘swiping over’ (i.e., the driver concentrated the glance in the direction of 
the pedestrian, but did not fixate on the pedestrian itself) and keeping fixation directly on the 
pedestrian. Results show (see Fig. 5) that drivers who did not respond to the hazards had 
more ‘swiping over’ fixations than the drivers who responded to the hazards on time (visible: p 
< 0.000, hidden: p = 0.001). Additionally, if drivers who did not respond to the hazard did not 
‘swipe over’ completely, then they ’swiped over’ for the first or the last time when looking at the 
pedestrian more often than drivers who responded to the hazard on time. 
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Fig. 5 Gaze pattern on the pedestrian standing on the street 
3.2. Fixations on the speedometer 
More drivers in both conditions that fixated on the speedometer at least once belonged to the 
group that responded to the hazard on time (see Figure 6) (visible: p = 0.021, hidden: p = 
0.052). Additionally, more drivers that responded to the hazard on time looked at the 
speedometer more than once (see Figure 7) in both conditions (visible: p = 0.020, hidden: p 
= 0.027). 
 
Fig. 6 Percentage of drivers that fixated on 
 the speedometer at least once 
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3.3. Fixations on the ball 
All drivers fixated on the cue (the ball) within the hazard window. More drivers that responded 
to the hazard fixated on the ball more than once in the visible condition (see Figure 8); however, 
the difference was not significant between the groups of the drivers.  
 
 
Fig. 8 Percentage of drivers fixating on the ball more than once 
4. Discussion 
In this study, we examined eye movements of young male drivers to determine fixations on 
potential hazards and relevant cues, and compared the fixation pattern between groups of 
drivers with different HPS. Groups differing in HPS were identified based on their 
responsiveness to potential hazards in the driving simulator. 
We found that the eye movement and gaze analysis is relevant when trying to differentiate 
between drivers with different levels of HPS. First, all participants in both conditions 
(hidden/visible) had at least one fixation on the pedestrian and the cue. This indicates that 
drivers, who did not respond, saw the pedestrian but did not recognise it as a risk, possibly 
due to low HPS (Deery, 1999). Second, the sequence of the fixations showed that a larger 
share of the drivers who responded timely to the running pedestrian (high HPS) in both 
conditions continuously followed the pedestrians’ movements with the eyes during the hazard 
windows compared to the drivers who did not respond (low HPS). Although the available data 
cannot confirm this, the gaze analysis suggests that the drivers who responded to the 
pedestrian payed more relevant attention to potential hazards thereby indicating higher HPS. 
The result that more drivers that did not respond did not fixate on the pedestrian after it had 
stopped running further supports this, as it indicates that they do not recognized it as a potential 
hazard. Although glances in the direction of the pedestrian were recorded, they did not result 
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in fixations, but were rather ‘swipe over’ eye movements. This result is in line with a previous 
study (Garay-Vega et al., 2007) where it was concluded that even when the driver saw the cue 
of the possible hazard, novice compared to experienced drivers were less likely to fixate on 
the hazard afterwards which was interpreted as lower HPS.   
 
Besides confirming the different levels of HPS among the participants, the eye movement 
analysis also indicates that more drivers who did not respond to the hazard did not  fixated on 
the speedometer during the hazard window, suggesting that they did not consider lowering 
their speed regardless of the actual driving speed. In a naturalistic diving study, Harré (2003) 
found that drivers make inadequate speed estimations in the presence of pedestrians and tend 
to underestimate their actual driving speed. Therefore not checking the speedometer or doing 
it too late could indicate lower HPS in line with the other results of this study.  
 
Results show that more drivers responded to the visible than the hidden hazard, which is line 
with Crundall et al. (2012), who found that novice drivers have more difficulties detecting 
hazard with environmental cues not directly related to it. Additionally, there was a group of 
drivers who did not respond to either of the hazards, indicating that these drivers had lower 
HPS independent on the type of hazard.  Future studies with added measures of HPS are 
relevant to confirm this result in a wider variety of hidden and visible hazard, as it is also 
possible that not responding to any hazard is rather a response pattern than an actual 
behaviour. Moreover, as the group of male participants were very similar in terms of age and 
driving experience, results show that also factors beyond male gender, young age and 
inexperience influence HPS. However, our sample of only young male students can also be 
seen as a limitation of this study. Further studies on a larger and more heterogeneous group 
of drivers based on their experience and age are needed to identify these factors and 
determine their relative influence. Additionally, both genders should be considered, because it 
is shown previously that risk perception varies among drivers of different gender (Rhodes and 
Pivik, 2011). 
 
Gaze analysis can supplement driver’s ability to respond to the hazard. Based on gaze patterns 
it may be possible to identify drivers who, even though they are looking towards potential 
hazards such as a pedestrian, are unlikely to respond in an adequate way. As the results 
indicate, there are different gaze strategies depending on HPS; therefore, further elaboration 
of these results may be beneficial for the development of an effective hazard detection training 
in pedestrian related potential hazard situations. 
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1 Abstract 
Despite overall improvements in road traffic safety, pedestrian accidents continue to be a 
serious public health problem. Due to lack of experience, limited cognitive and motoric skills, 
and smaller size, children have a higher injury risk as pedestrians than adults. To what extent 
drivers adjust their driving behaviour to children’s higher vulnerability is largely unknown. To 
determine whether young male drivers’ behaviour and scanning pattern differs when 
approaching a child and an adult pedestrian in a potential street-crossing situation, sixty-five 
young (18-24) male drivers’ speed, lateral position and eye movements were recorded in a 
driving simulator. Results showed that fewer drivers responded by slowing down and that 
drivers had a higher driving speed when approaching a child pedestrian, although the time of 
the first fixation on both types of pedestrians was the same. However, drivers drove farther 
away from a child than an adult pedestrian. Additionally, fewer drivers who did not slow down 
fixated on the speedometer while approaching the child pedestrian. The results show that 
young drivers behave differently when approaching a child and an adult pedestrian, though 
not in a way that appropriately accounts for the limitations of a child pedestrian. A better 
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 understanding of how drivers respond to different types of pedestrians and why could 
contribute to the development of pedestrian detection and emergency braking systems. 
Keywords: Young male drivers, Pedestrians, Driving simulator, Eye movements 
2 Introduction 
Pedestrian fatalities make up an essential proportion of the overall number of road traffic 
deaths and thus require attention. Internationally, the number of fatalities has substantially 
decreased over the past decade, but less among pedestrians compared to drivers. From 2000 
to 2013, fatalities among drivers decreased by 54% while pedestrian fatalities decreased by 
36% (OECD/IFT, 2015). Moreover, indications of an increasing number of fatalities among 
vulnerable road users exist (OECD/IFT, 2015), and pedestrian accident injuries continue to 
be a serious road safety problem.  
In 2015 more than one-fifth (21%) of children up to 14 years of age killed in traffic crashes 
were pedestrians (National Center for Statistics and Analysis, 2017). Therefore, research to 
support the development of targeted interventions aimed at young pedestrians is required.  
Previous studies have aimed at identifying factors of child pedestrian risk. For instance, in 
relation to the most common road traffic accident situation among children, unsafe street 
crossing, studies show that advanced perceptual and cognitive skills are needed (Schwebel 
et al., 2012). Research shows that young children have lower hazard perception skills than 
adults (Meyer et al., 2014) and are more prone to impulsive actions in traffic (Briem and 
Bengtsson, 2000). Children have difficulty assessing a car’s approaching speed and therefore 
interpret distance between themselves and a car as greater than it actually is (Connelly et al., 
1998). Further, even if children may choose the same gap size for crossing the street, their 
risk of accident involvement is increased as they delay the start of the crossing, thereby 
reducing the available time to cross the street safely (e.g. Pitcairn and Edlmann, 2000). As 
can be seen, previous studies have successfully identified cognitive immaturity, lack of 
perceptual and motor abilities, and inexperience as factors contributing to the risk of accident 
64 Chapter 7 Paper III
 involvement among child pedestrians. However, with regard to child pedestrian accidents, 
research has mainly focussed on the behaviour and skills of the child (Hamed, 2001; Jager et 
al., 2015; Schwebel et al., 2012; Zito et al., 2015), whereas the role of the driver – including 
driver errors and flaws in perceptual and motor processes – remains rather unexplored 
(Poschadel, 2006; Stewart et al., 1993). However, because of children’s limited cognitive and 
motoric skills, knowledge of driver behaviour in relation to child pedestrians and driver 
awareness of the need for increased safety margins in relation to child pedestrians is highly 
relevant.   
Additional emphasis has been placed on examining the role of the built environment and other 
infrastructural factors (Bennet and Yiannakoulias, 2015; Cloutier et al., 2017; Rothman, 2014) 
as they have been found related to accident risk: the risk of a pedestrian accident is higher, 
for example, in urban than in rural areas (National Center for Statistics and Analysis, 2017). 
Moreover, 72% of pedestrian fatalities occur in non-intersection locations, where there are no 
traffic controls (National Center for Statistics and Analysis, 2017); roads are wide, encouraging 
higher speeds; and parking is permitted, preventing drivers from detecting children from 
behind parked vehicles (Schieber and Vegega, 2002). Even though young children more often 
than older children and adults become victims in accidents with parked cars, as they are then 
not visible to the driver and cannot see the approaching vehicle themselves, situations with 
visible children crossing the street are among the most frequent accident situations among 
children 14 years of age or younger (Poschadel, 2006). In these situations, the driver clearly 
has the opportunity to detect the child and to react by speed adjustment. Why, in case of 
accidents, this did not happen often remains unclear.  
One potential reason is that the distance to a pedestrian is mainly estimated based on 
reference size, so drivers often falsely perceive that children are farther away than they 
actually are, overestimating the time-to-collision (Stewart et al., 1993). This factor is less 
relevant where other cars are present that can serve as a reference to the size of the 
pedestrian. Therefore, there is a necessity to understand driving behaviour in situations of 
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 approaching pedestrians where other vehicles are present (and are not hiding the pedestrian). 
While studies show that drivers make inadequate speed and lateral position adjustments when 
passing child pedestrian on the roadside (Thompson et al., 1985), it remains unclear if this is 
a problem particularly related to child pedestrians or of similar relevance for adult pedestrians.  
Driver characteristics also contribute to child pedestrian injuries (Stewart et al., 1993; 
Thompson et al., 1985). Specifically, young male drivers are more likely to be involved in 
accidents with child pedestrians (Thompson et al., 2003), which may be related to their lower 
hazard perception skills (e.g. Borowsky et al., 2010) and higher risk acceptance (e.g. Clarke 
et al., 2005; Williams, 2003).  
Due to limited cognitive skills, children are more unpredictable in road-crossing situations but, 
so far, it is not clear whether young drivers are considering any differences when encountering 
child or adult pedestrians on the road. Based on the above, this study aims to determine 
whether driving behaviour and scanning patterns among young male drivers are different 
when approaching a child versus an adult pedestrian.   
When deciding on methods and measures to use in research on drivers’ behaviour in 
pedestrian crossing situations, one must balance the goal of testing drivers in realistic and 
controllable traffic with the ability to keep them safe. The driving simulator meets these 
conditions. Even though behavioural data can give an indication of how pedestrians are 
perceived and responded to, eye movement data provide a more profound insight into the 
detection of pedestrians.  The visual skills required for safe driving are gained with practice 
(e.g. Borowsky et al., 2010; Chapman and Underwood, 1998; Konstantopoulos et al., 2010; 
Underwood et al., 2002). Experienced drivers detect hazards earlier (e.g. Deery, 1999), while 
novice drivers have longer (e.g. Chapman and Underwood, 1998) and fewer (Pradhan et al., 
2007) fixations on hazards, representing a slower processing speed.  
Recently, cars have become increasingly well-equipped with technical systems to warn the 
driver of hazards and automated braking systems to prevent crashes with pedestrians 
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 (Coelingh et al., 2010; Rosén et al., 2010). However, one of the major challenges of these 
systems is to balance their performance against the possibility of unwanted system activation 
(Lubbe and Davidsson, 2015). Therefore, they still need to be optimised to provide drivers with 
feelings of comfort and involvement in the driving activity. Gaining more insight into how 
drivers respond and scan for pedestrians, not only of varying physical aspects but also of 
different predictability, could help in the development of more sensitive and smoother 
performance of these technical systems.  
To increase the understanding of the role of drivers in situations with child pedestrians, this 
study compared young male drivers’ detection of child and adult pedestrians with and without 
parked cars partly obstructing the view of the driver. We simulated potential pedestrian 
crossing situations to examine the driving performance and eye movements of drivers. We 
expected that drivers would adjust their driving performance more when a child than when an 
adult pedestrian was present (i.e. by lowering driving speed and/or driving farther away from 
the pedestrian).  
3 Method 
3.1 Participants 
Sixty-five male drivers between 18 and 24 years of age (M = 21.91, SD = 1.48) participated in 
the experiment. All participants had self-reported normal or corrected-to-normal vision and 
had valid drivers’ licences for between 0.5 to 6 years (M = 3.82, SD = 1.35). They were 
recruited among university students, and each received a gift card (worth 30 Euros) or credit 
points for participation. 
3.2 Apparatus 
A fixed-based medium-fidelity driving simulator equipped with the necessary vehicle control 
systems and 3D sound system (5.1-channel) was used to conduct the experiment. On three 
plasma displays (size: 42”; the front screen resolution: 1920 x 1080 dpi, the side screens’ 
resolution: 1360 x 768 dpi, 150° horizontal and 40° vertical perspective) scenarios were 
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 presented at a rate of 60 frames per second. Speedometer, rear- and side-view mirror 
information was visible on the centre and side screens. The real-time simulation and scenarios 
were developed with SCANeR Studio (OKTAL) software. 
Eye movements were recorded with Tobii Pro Glasses 2 eye tracker (a sampling frequency of 
50 Hz). Tobii I-VT Fixation Filter (minimum fixation duration = 60 ms, velocity threshold = 30°/s, 
and max angle between fixations = 0.5°) fixation classification algorithm was used (Tobii 
Technology, 2012).  
3.3 Scenarios  
The driving environment was designed to match the typical urban setting of a Danish urban 
street with speed limit of 50 hm/h and contained buildings, parked cars and street furniture. 
The drive was three kilometres long and included six pedestrian-related hazard situations. The 
participants encountered each situation in two conditions, hidden and visible, and with two 
types of pedestrians, adult and child, 24 situations altogether.  
The present study analysed each participant’s driving behaviour and eye movements in one 
of the six hazard situations, both with an adult pedestrian and with a child pedestrian in the 
visible and hidden condition. The selected situation was a potential street-crossing situation 
and was chosen as it is the most common accident situation among child pedestrians in 
Denmark. In the situation, a pedestrian (adult or child, see Figure 1) was standing on the 
pavement on the left side of the street. Children were dressed in clothes in bright colours, 
while adults were wearing grey clothes to make differences of pedestrian types more 
noticeable and realistic. 
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Figure 1Vizualisation of an adult and a child pedestrian. 
Fifty meters before the participant reached the pedestrian, the pedestrian ran towards a ball 
lying at the opposite side of the street, thereby indicating to the participant that the pedestrian 
might cross the street. The pedestrian entered the street, but stopped after two meters without 
entering the path of the driver. In the visible condition, the driver could see the pedestrian the 
whole time (Figure 2, a). In the hidden condition, the running pedestrian disappeared behind 
a parked car and became partly visible only as the driver passed that car (Figure 2, b). The 
analysis of this one particular hazard was chosen as the only situation where the pedestrian 
entered the street and the driver had to respond by lowering the speed to avoid the possible 
accident if the pedestrian continued running. All other hazard situations did not require active 
response from the driver as the pedestrians were on the pavement or were standing on the 
side of the street. 
 
a. Visible condition  
 
b. Hidden condition 
Figure 2 Street-crossing situation 
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 3.4 Experimental procedure 
The participants read the description of the experiment, which stated that the aim was to 
examine drivers’ everyday driving style. Then, they completed an introduction drive to get 
familiar with the simulator and virtual environment. Thereafter, a demographic questionnaire 
followed and the experiment continued with the 24 situations sub-divided into three drives, 
including eight situations each, completed in order determined by a Latin Square design. The 
participants had a short break after each drive. The whole experiment lasted about 30-45 
minutes.  
3.5 Data analysis 
3.5.1 The driving simulator data 
We examined the driving simulator data to analyse the participants’ response to a pedestrian 
in a potential street-crossing situation. The driving simulator continuously recorded the driving 
speed and lateral position of the participant, but only data for the hazard window (Figure 3), 
from 50 meters before the pedestrian (when the pedestrian became visible for the first time) 
until passing the pedestrian, was included in the analysis. The participant’s response to the 
pedestrian was detected based on the driving speed, lateral position and decrease in driving 
speed when approaching the pedestrian. The lateral position of the vehicle is defined as the 
deviation in meters from the centre of the lane. The centre of the lane is the reference position 
(0). In this study, a larger value shows that the participant was positioned farther away from 
the pedestrian and thus closer to the right edge of the street. A ‘critical point’ of two seconds 
before the hazard was calculated for each participant. The ‘critical point’ (i.e., two seconds 
until passing the pedestrian) was the location after which the participant could not avoid a 
collision by braking if the pedestrian had continued across the street (Olson and Sivak, 1986). 
The driving speed at the ‘critical point’ was used (Olson and Sivak, 1986). 
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Figure 3 Schematic visualisation of the street-crossing 
situation 
We interpreted a reduction in driving speed as an indication that the participant had recognized 
the pedestrian as a hazard. Therefore, average speed was calculated and compared in five 
10-meter intervals within the hazard window. If speed decreased for more than two standard 
deviations in any of the intervals, it was interpreted as slowing down. Two-way ANOVAs were 
employed to examine the effect of pedestrian type (child, adult) and hazard condition (visible, 
hidden) on driving speed at the ‘critical point’ and lateral position when passing the hazard. To 
compare whether there was a difference in slowing down to the child and adult pedestrian, we 
used Fisher’s exact test.  
3.5.2 Eye tracker data 
Due to problems with the calibration, the eye movements of six participants were not recorded. 
Therefore, the eye movement analysis included 59 participants in the visible condition and 56 
in the hidden condition. Dynamic areas of interest (AOI), which covered the pedestrian with 
additional margin, were created within the entire hazard window. The size of the AOIs was the 
same for adult and child pedestrian  and their visual angle were from 2° to 6° including the 
additional margin to cover the eye trackers inaccuracy of 0.5 °. We used two-way ANOVAs to 
analyse the effect of pedestrian type (child, adult) and hazard condition (visible, hidden) on 
the number of fixations, length of the first fixation and latency of the first fixation. These 
variables are commonly used to differentiate between experienced, more safe and novice, 
Hazard window ‘Critical point’ 
2 s  
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 less safe drivers (e.g., Borowsky et al., 2012; Huestegge et al., 2010; Pradhan et al., 2007; 
Young et al., 2017).  
Fixations on the speedometer within the hazard window were examined and compared among 
the participants who did and did not slow down in response to the child and adult pedestrian 
in the both conditions. Fisher’s exact test was used, to compare whether there was a 
difference in fixation on the speedometer based on whether the child or adult pedestrian was 
present. 
4 Results 
4.1 Driving speed and lateral position 
Two-way ANOVAs were conducted that examined the effect of pedestrian type (child, adult) 
and hazard condition (visible, hidden) on driving speed at the ‘critical point’ and lateral position 
when passing the pedestrian. Participants’ speed was significantly higher at the ‘critical point’ 
with the child than with the adult pedestrian, F (1, 255) = 8.38, p = 0.004, ηp2 = 0.03. Driving 
speed was higher in the hidden than visible condition, F (1, 255) = 8.63, p = 0.004, ηp2 =0.03 
(Figure 4). However, there was no statistically significant interaction, F(1, 255) = 1.66, p = 
0.19, ηp2 = 0.006. 
 
Figure 4 Driving speed at the ‘critical point’ 
Participants were driving significantly farther away (closer to the right edge of the street) from 
the child than from the adult pedestrian, F (1, 255) = 18.34, p < 0.001, ηp2 = 0.07. Additionally, 
participants were driving closer to the right edge in the hidden than in the visible condition, F 
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 (1, 255) = 6.02, p = 0.015, ηp2 = 0.02 (Figure 5). There was no significant interaction of 
pedestrian type and hazard condition, F (1, 255) = 0.26, p = 0.61, ηp2 = 0.001.  
 
Figure 5 Lateral position when passing a pedestrian 
Fisher’s exact tests was performed to examine whether more participants decreased speed 
for the child than for the adult pedestrian. In the visible condition, significantly more participants 
decreased speed for the adult than for the child pedestrian (p = 0.007). In the hidden condition, 
results were similar: more drivers responded by slowing down for the adult than for the child 
pedestrian, however the difference was not significant (p = 0.059) (Figure 6).  
 
Figure 6 Number of drivers who responded to the pedestrian by slowing down (AH-adult hidden, CH-child hidden, 
AV-adult visible, CV-child visible) 
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 4.2 Fixations on pedestrian 
All participants fixated on the pedestrian at least once. The participants fixated on the adult 
pedestrian more often (M = 2.83 , SD = 1.46) than on the child pedestrian (M = 3.40, SD = 
1.71 ), F (1, 230) = 7.71, p = 0.006, ηp2 = 0.03. More fixations were observed in the visible 
condition (M= 3.36, SD = 1.70) than in the hidden condition (M = 2.86, SD = 1.49 ), F(1, 230) 
= 6.00, p = 0.015, ηp2 = 0.03. The interaction effect was significant, F (1, 230) = 4.42, p = 0.37, 
ηp2 = 0.02.  
Drivers had longer first fixations on the child pedestrian (M = 1.57, SD = 1.37)  than on the 
adult pedestrian (M = 1.21, SD = 0.98), F(1, 227) = 6.76, p = 0.01, ηp2 = 0.03. The length of 
the first fixation was not significantly different in the hidden and the visible condition and there 
was no significant interaction effect of pedestrian type and hazard condition.   
A comparison of the time of the first fixation on the pedestrian did not show any significant 
differences for the two types of pedestrians and in the two conditions.  
4.3 Fixations on the speedometer 
Of all the participants who slowed down in the hidden condition, most of the drivers within the 
hazard window fixated on the speedometer, and the results are not significantly different for 
situations with an adult versus a child pedestrian (p = 0.33). In the visible condition, the 
difference is also insignificant (p = 0.18) (Figure 7, a). 
For the participants who did not slow down, there is no significant difference in the hidden 
condition with regard to the number of participants fixating on the speedometer when the adult 
or child pedestrian was present (p = 0.16). In the visible condition, fewer participants fixated 
on the speedometer when the child was present than when the adult pedestrian was present 
althought the difference is not significant (p = 0.05) (Figure 7, b).  
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a. Drivers who slowed down (AH-adult hidden, 
CH-child hidden, AV-adult visible, CV-child 
visible) 
 
b. Drivers who did not slow down (AH-adult 
hidden, CH-child hidden, AV-adult visible, 
CV-child visible) 
Figure 7 Fixations on the speedometer 
5 Discussion 
Based on a driving simulator experiment, this study compared young drivers’ responsiveness 
and eye movements in potential street-crossing situations with children and adults as 
pedestrians in visible- and hidden-hazard conditions. Our results show that young male drivers 
responded to a child pedestrian rather by placing the car farther away from the child than by 
adjusting the driving speed. Actually, fewer drivers slowed down and the driving speed was 
higher in events with children than with adults. Additionally, eye movement analysis showed 
that the time from the first fixation on the pedestrian until the driver passed was the same for 
both types of pedestrians. Thus, it is not probable that the reason drivers did not brake or slow 
down in the situation with the child was that they saw the child later than they saw the adult 
pedestrian. The results suggest, rather, that drivers were aware of the pedestrians but did not 
find it necessary to adjust their speed accordingly. Another explanation could be that the 
simulated adult wore grey clothing whereas the child wore bright colours providing possible 
confound to the size variations among the types of pedestrians. 
The explanation provided by Stewart et al. (1993) for why drivers do not slow down and why 
they sometimes drive even faster when child pedestrians are present, because drivers tend to 
overestimate the distance to the child pedestrians considering them as a smaller adults (i.e., 
the child was considered as standing farther away than the adult), is not applicable in this 
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 study as parked cars served as a reference for the size of the pedestrian. However, it might 
be that the driving simulator did not provide sufficient cues indicating the varying movement 
pattern of child and adult pedestrian necessary to distinguish between the two types of 
pedestrians and drivers’ assumptions, so that children were perceived as small adults. 
Additionally, the lack of disparity information in the simulator and a cue to flatness provided by 
the frame of the simulator screen might have had an effect on depth and distance perception 
of the visuals in the scenarios (Andersen, 2011). However, in that instance one expected the 
same reactions to both types of pedestrians, which was not the case. Another explanation 
could be that drivers are not slowing down for the child pedestrian as they think that children 
might understand this as an invitation to cross the street and in case of children - more than 
in case of adults - they want to avoid any unclear signals.  
An alternative reason for the higher speed around child pedestrians could be that drivers did 
not estimate their actual driving speed correctly. Our findings show that fewer drivers that did 
not respond to the pedestrian by decreasing speed, fixated on the speedometer when the 
child pedestrian was present, suggesting that they did not consider decreasing the driving 
speed irrespective of the actual driving speed. Harré (2003) found that drivers evaluated their 
speed as lower than their actual driving speed when passing pedestrians, especially child 
pedestrians, suggesting that drivers probably consider that it is necessary to decrease the 
speed near children but lack an accurate speed perception. However, another reason could 
be that young drivers are not aware of children’s limited ability to cope with traffic and are not 
aware of the risks associated with the child pedestrian. That could be further explored in 
qualitative studies.  
Another relevant suggestion for further studies could be setting up a video camera filming the 
driver’s feet observing whether the participant is keeping a foot on the brake pedal ready to 
brake when approaching the pedestrian. This measure could provide an indication of driver’s 
hazard awareness. If the driver gets ready to brake but decides not to, the issue could be a 
lack of correct estimation of required braking time associated with the driver’s inexperience.  
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 Our study is based on a sample of young male drivers. It thus remains unknown if the 
inadequate speed adjustment in relation to child pedestrians is a specific problem of this target 
group or can also be found in other driver populations. However, young male drivers’ lower 
hazard perception skills (e.g. Borowsky et al., 2010) and higher risk acceptance (e.g. Clarke 
et al., 2005; Williams, 2003) suggest that the problem is more pronounced in this group than 
in other driver segments. Still, further studies are required to examine whether drivers in all 
age, gender and experience groups perform similarly in potential street-crossing situations 
with child and adult pedestrians, helping to address this problem to the relevant target groups 
and adjust preventive methods respectively.  To examine how the results of this study 
translates to the real world, naturalistic on-road experiment are suggested for the further 
studies.  
In conclusion, although child pedestrian behaviour brings higher risks into road safety due to 
immaturity, lack of experience and low motoric skills, young male drivers are not considering 
this by speed reduction in potential street-crossing situations. The results indicate a need for 
raising the awareness on the necessity of speed adjustment in potential street-crossing 
situations, especially those involving children, and to find solutions on how to mitigate these 
accident occurrences, which could be examined in qualitative research. A better 
understanding of how drivers respond to the different types of pedestrians and why could also 
serve as a valuable input for the development of pedestrian detection and emergency braking 
systems and for the improvements of driver education.  
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Abstract 
Young drivers remain over-represented in road accident statistics and hazard perception 
is a likely source of a skills gap between younger and older drivers. The aim of this study 
was to examine whether a short hazard perception training intervention in a driving 
simulator enhances young drivers’ tactical hazard perception skills in pedestrian-related 
situations. The intervention combined error and instructional commentary training. Thirty 
young drivers were trained and compared to 30 untrained drivers based on their eye 
fixations and driving behaviour in potential visible and hidden hazard situations. The 
results showed that trained drivers responded to one of three hazards by decreasing 
speed, while untrained drivers did not. Additionally, trained drivers had lower self-
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 assessed hazard perception skills after than before the training, suggesting that exposure 
to these critical situations and the opportunity to negotiate them increased their 
awareness of the limitations of their driving skills. The eye fixation analysis showed that 
trained drivers fixated on the hidden hazard locations more often, indicating that they had 
greater awareness of the situation than untrained drivers. The training intervention 
showed a positive effect in improving drivers’ approach speed and fixations in hidden 
hazard situations, which requires more advanced hazard perception skills. This training 
intervention can be further developed into a training module as an addition to existing 
conventional training in the classroom and on the road.  
Keywords: driving simulator, driver training, hazard perception, young drivers 
 
1. Introduction 
Road traffic injuries remain the leading cause of death among 15- to 29-year-olds (World 
Health Organization, 2015). Novice drivers are at a greater risk of being involved in an 
accident in the first three years after gaining their licence than more experienced drivers 
(e.g., Foss et al., 2011). While age- and exposure-related factors play a role (e.g., Arnett, 
1996; González-Sánchez et al., 2017; Jonah, 1986), driver errors due to low hazard 
perception skills (HPS) are identified as one of the main risk factors associated with the 
occurrence of accidents among young drivers (e.g., Fisher et al., 2006; McKnight and 
McKnight, 2003). 
In this study, HPS are operationalised similarly to Crundall et al. (2012) as a driver’s ability 
to detect, evaluate and respond to potentially dangerous events on the road that might 
develop into actual hazards leading to an accident. Young drivers acquire basic car-
handling skills and knowledge of traffic laws quickly, which might lead them to believe 
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 that they are highly skilled drivers. However, gaining complex perceptual and cognitive 
skills, such as HPS, requires experience and exposure to a wide variety of driving 
situations and hazards (e.g., Deery, 1999; Horswill and McKenna, 2004). McKnight and 
McKnight (2003) found that errors in visual search are a key factor in accidents among 
young drivers. Furthermore, research on eye movements shows that inexperienced 
drivers detect fewer hazards (e.g., Fisher et al., 2006; Pradhan et al., 2005) and have 
fewer (Pradhan et al., 2007) but longer fixations, which indicates a longer processing time 
(e.g., Chapman and Underwood, 1998). 
Another possible factor contributing to accidents is that drivers do not receive sufficient 
relevant feedback in situations that could develop into high-risk situations during daily 
driving (Kuiken and Twisk, 2001). Horswill et al. (2017) show that appropriate feedback 
improves the latency of hazard perception and reduces self-rated HPS.  
A growing number of studies address different aspects of HPS training with a variety of 
methods. Results show that the HPS of young drivers can be developed successfully 
without driving on the road (see McDonald et al. (2015) for a review) and training reduces 
the number of accidents among novice drivers (Thomas et al., 2016). Video-based (e.g., 
Wetton et al., 2013) and interactive computer-based HPS training (e.g., Meir et al., 2014) 
approaches are the most developed and most frequently tested. One of the common 
methods is a commentary driving training (e.g., Crundall et al., 2010; Isler et al., 2009). 
The commentary driving training method is typically employed in one of two ways: first, 
drivers continuously verbally describe what they are doing, are looking at and thinking 
about in response to what they see while driving or watching a video; second, participants 
watch videos that include experts’ recorded comments on driving (instructional 
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 commentary training). The results demonstrate that instructional commentary training 
contributes to a quicker response time (e.g., Isler et al., 2009; McKenna et al., 2006) and 
fewer crashes when tested in a driving simulator (Crundall et al., 2010) compared to 
untrained drivers. 
Compared to video- and computer-based methods, the driving simulator is sparsely used, 
although its benefits have been demonstrated in the area of HPS training (Carpentier et 
al., 2013; Vlakveld et al., 2011; Wang et al., 2010a, 2010b). The advantage of the driving 
simulator is that drivers can actively engage, influence and control the settings in real time 
without being physically injured. Additionally, driving simulators with three screens or 
other set-ups provide the driver with a wider field of view. The wider view is important for 
the training and assessment of HPS as not all potential hazards appear in front of the 
vehicle. Examples include pedestrian-related hazard situations, which may appear from 
the side of the driver. Various training methods in the simulator show improvements, 
particularly in developing tactical hazard perception skills (e.g., Ivancic and Hesketh, 
2000; Vlakveld et al., 2011). Tactical HPS concern the ability to detect potential hazards 
that are not visible directly on the collision course, or are hidden in the environment 
referred to (Fisher and Dorn, 2017). An example of a visible hazard is a pedestrian 
running along the pavement and disappearing between parked cars in front of the driver, 
and an example of a hidden hazard is a child standing behind a bus at a bus stop. Hidden 
hazards are particularly challenging for inexperienced drivers (Vlakveld, 2014).  
Another advantage of using a driving simulator for HPS training is the possibility of 
employing the principles of error management training (Keith and Frese, 2008), where 
drivers have the opportunity to learn from their mistakes. Error management training has 
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 been shown to improve HPS (Vlakveld et al., 2011) and accident occurrence in the 
simulator (Wang et al., 2010a). So far, improvements have been reported on average 
across all situations without distinguishing between the various types of hazard instigator 
(e.g., car-, pedestrian- or cyclist-related). However, studies show that the type of hazard 
instigator has an effect on the classification and perception of hazardous situations (e.g., 
Borowsky et al., 2009; Crundall et al., 2012).  
When training young drivers in HPS, we find it particular relevant to focus on pedestrian-
related hazards. Pedestrian fatalities make up a noticeable share of the overall number 
of road traffic deaths and thus require particular attention. Internationally, from 2000 to 
2013, the number of pedestrian fatalities decreased substantially (36%), but the decline 
was not as steep as for fatalities among drivers (54%) (OECD/IFT, 2015). In addition, the 
detection of pedestrian-related hazards requires more training than that of vehicle-related 
ones for the following reasons: first, unlike vehicle drivers, pedestrians can cross a road 
not only at intersections and marked locations but also at any other road sections that are 
convenient for them as they are less restricted by the physical road environment; second, 
pedestrians usually walk on the side of the road and not in front of drivers, who therefore 
must widen their horizontal angle of view to notice them; third, pedestrians’ behaviour is 
less predictable because of their wide age range and varying level of knowledge of traffic 
rules; and fourth, it is easier to overlook pedestrians in the road environment, as they are 
smaller than other road users.  
So far, the effect of HPS training exclusively in pedestrian-related situations has been 
examined only in one study (Borowsky et al., 2012). The video-based training method 
was used, which did not allow participants to learn from their errors. Further, the study 
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 did not include any hidden hazards, and therefore it was not possible to test possible 
effects on tactical HPS which are very relevant in relation to pedestrians. 
Therefore, the main aim of this study is to examine whether a short training intervention 
in a driving simulator enhances young drivers’ tactical HPS in pedestrian-related hidden 
and visible hazard situations. We predicted that the training intervention would lead to 
improved visual search and increased attention to potential hazards by prompting shorter 
and more fixations. Additionally, we predicted an improved behavioural response to 
hazards measured as a reduction of speed among trained drivers. 
2. Method 
2.1. Participants 
Sixty young male drivers participated in the study. The participants were recruited from 
among university students and had self-reported normal or corrected-to-normal vision and 
a valid driver’s licence. The drivers were randomly assigned to one of two groups: a 
control group (CG): N = 30, mean age = 22.4, SD = 1.3; mean years of having a licence 
= 4.5, SD = 1.3; and a training group (TG): N = 30, mean age = 22.5, SD = 1.2; mean 
years of having a licence = 4.6, SD = 1.3. The median of the categorically measured 
driving frequency was ‘3–4 times a month’ in both groups. Each participant was offered a 
30-euro gift card upon completion of a 1.5 h session. 
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 2.2. Procedure 
The procedure for the experiment is shown in Figure 1.  
Control group (CG)
N = 30
Test drive
Post-questionnaire
Training intervention:
Training drive
Expert s commentary video 
Training drive replay
Training group (TG)
N = 30
Instructions
Introduction drive
Pre-questionnaire
Base drive
 
Figure 1. Procedure. 
Upon the participants’ arrival, they read the instructions for the experiment. The stated 
aim was to examine drivers’ everyday driving style. All drivers undertook a short 
introduction drive to get used to the simulator and virtual environment. Thereafter, they 
were asked to fill in a short questionnaire (pre-questionnaire, see Section 2.4.2). The 
participants continued with a base drive followed by a short break. The drivers in the CG 
then continued with a test drive and finished the experiment by filling in the post-
questionnaire (see Section 2.4.2). 
The participants in the TG had a training intervention before the test drive. The whole 
experiment lasted about 1.5 hours. The study employed a randomised control group 
design, although the specific hazard situations encountered in the base drive and the test 
drive were modified to avoid bias caused by a learning effect. Two of the situations were 
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 exceptions (Situation 5 and Situation 7, Table 2) as they did not involve any pedestrians. 
In addition, the driving environment was different in the base and in the test drive as 
described in Section 2.3 and Section 2.6. 
2.3. The base drive  
The base drive ran through a virtual city that represented a typical urban street. During 
the drive, the drivers encountered five visible and three hidden pedestrian-related hazard 
situations (see Table 1). In all the situations, the participants had to apply their tactical 
hazard perception skills in order to be aware that the pedestrian might cross the street, 
thereby creating an accident situation.  
Table 1. Potential hazards in the base drive 
Situation 
 
Type Description of the situations Cue 
1 visible A ball is lying on the right side of the street and 
a child is standing on the pavement on the left 
side of the street. The child starts to run out 
into the street between parked cars towards 
the ball, but stops after two metres. 
A ball lying on the right side of the street 
indicating that the pedestrian might run out 
to pick it up 
2 visible An adult is walking on the pavement on the 
right side of the street. As the driver 
approaches, the adult starts to run and turns 
towards the street. 
A pedestrain turning towards the street 
indicating the intention to cross it 
3 visible A child is walking on the left pavement. As the 
driver approaches, the child starts to run and 
turns towards the street.  
A pedestrain turning towards the street 
indicating the intention to cross it 
4 hidden A business truck is parked on the right side of 
the street. 
A parked business truck obstructing the 
view of the right pavement 
5 hidden A bus stop on the right side of the street. When 
the driver approaches, a pedestrian crosses 
the street.  
A bus stop indicating that there might be 
another pedestrian crossing the street from 
behind it  
6 visible A skateboard is lying on the right side of the 
street. An adult, standing on the left pavement, 
runs out 2 metres into the street and stops.  
A skateboard lying on the right side of the 
street indicating that the pedestrian might 
cross the street to pick it up 
7 visible An adult is standing between parked cars on 
the right side of the street.  
Parked cars obstructing the view of the 
pedestrian 
8 hidden A car is parked 10 metres before the zebra 
crossing on the right side of the street. 
A parked car obstructing the view of the 
potential pedestrian on the pavement. 
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 2.4. Materials and Apparatus 
2.4.1. Driving simulator and eye tracker  
A fixed-based medium-fidelity driving simulator equipped with three plasma displays 
(size: 42"; front-screen resolution: 1920 x 1080 dpi; resolution of the two side screens: 
1360 x 768) and the necessary vehicle control systems were used to conduct the 
experiment (see Figure 2). Speedometer and rear- and side-view mirror information was 
visible on the centre and side screens. The scenarios were designed and the real-time 
simulation was controlled with SCANeR Studio (OKTAL) software. 
 
Figure 2. The driving simulator set-up. 
Eye movements were recorded with a Tobii Pro Glasses 2 eye tracker and the recorded 
videos were analysed with Tobii Pro Lab software. The visual gaze was sampled at 50 
Hz. A Tobii I-VT Fixation Filter (minimum fixation duration = 60 ms, velocity threshold = 
30°/s, maximum angle between fixations = 0.5°) as a fixation classification algorithm was 
used (Tobii Technology, 2012). 
2.4.2. Questionnaires 
The participants filled out a questionnaire before the base drive (pre-questionnaire) and 
after the test drive (post-questionnaire). The pre-questionnaire collected background data 
including the driver’s age, the number of years since gaining a licence and the frequency 
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 of driving a car (in six categories from ‘daily’ to ‘less often than 1–2 times a month’). Both 
the pre- and post-questionaire included the Hazard Perception Questionnaire (HPQ) 
(White et al., 2011) and parts of the Driving Skills Questionnaire (DSQ) (McKenna and 
Myers, 1997). The HPQ measures hazard perception skills and the DSQ measures 
driving skills. The participants were asked to compare their hazard perception skills (6 
items), their overall driving skills (1 item: ‘Relative to the average driver of your age and 
gender, how skilful do you think you are?’) and specific driving skills (17 items) to the 
skills of an average driver of the same age and gender on a seven-point scale from 1 
(much less) to 7 (much more) with a midpoint of 4 (the same).  
The post-questionnaire additionally included two open-ended questions, which are 
relevant for the interpretation of the standardised results. In the two open-ended 
questions, the participants were asked to describe their behavioural response to 
potentially dangerous pedestrian situations as well as for their reasons in cases where 
they did not adjust their behaviour.  
2.4.3. Expert’s commentary video 
A video was created that included a soundtrack with verbal advice on driving speed, what 
to pay attention to and how to respond to potential and actual hazards during the drive. 
More specifically, the advice concerned: (1) adjusting driving speed when anticipatimg a 
hazard (slowing down in time by removing the foot from the accelerator and placing it on 
the brake pedal); (2) paying attention to situations that might develop into a hazard 
(pedestrian running along the pavement); and (3) areas in which hazards might appear 
(e.g., five metres before and after a zebra crossing, around a bus at a bus stop and around 
a business truck as this space is the driver’s workplace). The video was created with the 
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 assistance of a driving school instructor. The commentary was recorded by a male voice 
and was synchronised with the video, pausing the visuals when a longer description of 
the scene was required. 
2.5. Short training intervention 
The short training intervention consisted of three parts: a training drive, the expert’s 
commentary video and a training drive replay.  
2.5.1. Training drive 
During the training drive, two of the potential hazards materialise (Situations 3 and 5, see 
Table 1), similarly (but not identically) to the base drive. In the first situation, the child 
continues to run and crosses the street. Differently from the base drive, there is an adult 
on the other side of the street serving as a cue indicating that the child might cross the 
street to meet the adult. In the second situation, again differently from the base drive, 
there is a bus at the bus stop. As the driver approaches, 100 m futher up the street the 
woman crosses the street in front of the bus. When the driver is 50 m ahead of the bus, 
a child runs out from behind the bus and crosses the street. The first pedestrian crossing 
the street is used as a cue to indicate that other pedestrians might follow.  
At the time when the cues were visible to the driver, there was enough time in both 
situations for the driver to stop and avoid the hazard if it materialised. If an accident 
happened, the simulation stopped and the drive started again from the beginning. Drivers 
had to complete the drive without accidents to continue with the training. The training 
drive was recorded in order to allow a replay as part of the training intervention as 
described in Section 2.5.3.  
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2.5.2. Expert’s commentary video 
The participants watched the expert’s commentary video alone on the 24" monitor. The 
expert’s driving speed was displayed as a graph below the video (Figure 3). 
2.5.3. Training drive replay 
Each participant watched a replay of their own training drive.  
 
Figure 3. Screenshot of the expert’s commentary video and training drive replay. 
The video was presented on the 24" monitor. The driving speed of the participant was 
diplayed as a graph below the video (Figure 3). During the replay, the participants did not 
receive any comments as it was intended that they should reflect on their driving 
behaviour and compare it to the expert’s. 
2.6. Test drive 
During the test scenario participants drove through a sparsely populated area in a rural 
setting. There were seven predefined hidden and visible potential hazards that did not 
materialise (Table 2). Similarly to the base drive, the participants had to be aware of the 
pedestrian possibly crossing the street and thus apply tactical hazard perception skills.  
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 Table 2. Description of the hazard situations in the test drive 
Situation Type Description of the situations Cue 
1 visible An adult is walking on the left pavement and 
as a driver approaches starts crossing the 
street, but stops after entering the street (1 
m). 
Pedestrians on the opposite side of the 
street indicating that the pedestrian might 
cross to meet them 
2 visible A child, hidden behind parked cars on the 
right side of the street, runs out but stops 
after entering the street (1 m). 
Parked cars obstructing the view of the 
right pavement 
3 visible An adult is running along the right pavement 
and starts crossing the street between parked 
cars in front of the driver aiming to reach a 
child running on the left pavement. The adult 
stops after entering the street (1 m).  
A pedestrian running on the opposite 
pavement indicating that the pedestrian 
might cross to meet another pedestrian 
4 hidden A bus is parked at the bus stop. There are 
passengers getting in and out of the bus. A 
child steps out behind the bus and stops 
instantly. 
A bus at the bus stop obstructing the view 
of the potential crossing pedestrians 
5 hidden A car is parked by the zebra crossing.  A car obstructing the view of the left 
pavement  
6 visible An adult is standing on the right pavement 
near the zebra crossing and looking away. As 
the driver approaches, the pedestrian starts 
crossing the street 5 m before the zebra 
crossing and stops after entering the road (1 
m). 
The pedestrian looking away and not 
noticing the aproaching participant 
7 hidden A business truck is parked on the left side of 
the street. 
The business truck obstructing the view of 
the left pavement  
 
2.7. Data analysis 
The data analysis consisted of simulator, eye tracker, and questionnaire data from the 
base and test drives. 
2.7.1.  Simulator data  
The participants’ responses to the hazard were examined based on the driving speed, 
lateral position and decrease in driving speed when approaching a potential hazard. The 
driving simulator continuously recorded the driving speed and lateral position of the 
participant, but only data for the hazard window, from 50 metres before the hazard until 
passing the pedestrian, were included in the analysis. The mean speed was calculated 
for five 10 m intervals and then substracted from the preceeding interval to examine the 
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 changes in speed (Figure 4). For example, Interval 5–4 means that the mean speed in 
the interval 40–30 m before the hazard was substracted from the mean speed in the 
interval 50–40 m before the hazard. The same procedure was applied to the lateral 
position. 
Mean speed 5 Mean speed 4 Mean speed 3 Mean speed 2 Mean speed 1
Interval 5–4  Interval 4–3 Interval 3–2 Interval 2–1
50 m 40 m 30 m 20 m 10 m 0 m
Hazard window  
Figure 4. The hazard window and intervals for driving speed analysis. 
Mann-Whitney tests were used to compare changes in mean speed and lateral position 
between the TG and CG for each situation in the base and in the test drive. 
2.7.2.  Eye tracker data  
Dynamic areas of interest (AOI), which covered the pedestrian within the entire hazard 
window, were created. For each AOI, the number of fixations, dwell time, average 
duration of the fixations and duration of the first fixation were analysed. Dwell time was 
defined as the sum of all fixations in the AOI, represented as the percentage of the total 
length of the hazard window (i.e., the dwell time is 100 if the driver looks at the hazard all 
the time during the hazard window). The number of fixations to the parked business truck 
and the car near the zebra crossing were registered. The eye fixation recordings of eight 
participants were excluded from the analysis, due to recalibration problems during the 
driving session. The eye movement analysis included 26 participants from the TG and 26 
from the CG. Mann-Whitney tests were used to analyse differences between the TG and 
the CG. 
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 2.7.3.  Questionnaire data  
The overall sum scores for the ‘pre’ HPQ and ‘post’ HPQ and two sum scores (‘overall 
driving skills’ and ‘driving skills in specific situations’) from the ‘pre’ and ‘post’ DSQ were 
calculated. The ‘post’ sum scores were compared between the TG and CG and the ‘pre’ 
and ‘post’ sum scores were compared within both groups employing the non-parametric 
Wilcoxon Signed Ranks Test. Open-ended questions were coded and categorised. 
Pairwise comparisons of the TG and CG were used to compare the answers to the 
questions. The Cronbach’s alpha levels indicated an acceptable scale reliability (Peterson, 
1994) for the ‘pre’ DSQ (α = 0.90), ‘post’ DSQ (α = 0.92), ‘pre’ HPQ (α = 0.89) and ‘post’ 
HPQ (α = 0.94).  
3. Results 
3.1. Changes in the average driving speed  
We compared the changes in the average driving speed when approaching a hazard 
between the TG and CG in the base and in the test drive. The analysis of the base drive 
shows that there were some inconsistent differences in the approach speed between the 
TG and CG in three out of eight predefined hazard situations (Situations 3, 5 and 6 in 
Table 1). In Situations 3 and 6 the CG slowed down less than the TG, but in Situation 5 
the TG increased speed while approaching the potential hazard location. All of these 
hazards were visible and there were no parked vehicles. Changes in lateral position were 
not significant. 
The analysis of the driving speed in the test drive showed significant results in the 
changes of the mean driving speed in two out of seven situations. The TG responded with 
a change of approach speed earlier in one hidden situation (Situation 5, Table 2) than the 
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 CG. The difference was higher for the TG (Mdn = 1.45) than for the CG (Mdn = 0.85) 
comparing the mean speed in the intervals 30–40 m to 20–30 m before the hazard (U = 
260, p = 0.005, r = 0.4) while approaching the bus. Thus, in one hidden situation out of 
three, the TG adjusted the driving speed in anticipation of the potential hazard. In one 
visible situation out of four, the TG responded earlier than the CG (Situation 7 in Table 2). 
The TG’s mean speed increased less (Mdn = -2.66) in the last 10 metres before the 
pedestrian compared to the mean speed in the interval 20–10 metres to the pedestrian 
than for the CG (Mdn = -7.83, U = 314, p = 0.044, r = 0.3) while approaching the 
pedestrian near the zebra crossing. As there was no significant difference in driving speed 
for hidden situtations between the CG and the TG in the bases drive, we interpret the 
difference in the one hidden situation in the test drive as an effect of the training.  
3.2. Eye fixations 
In the base drive, we compared the number of fixations, dwell time, average duration of 
the fixations and duration of the first fixation between the TG and the CG in the situations 
that were the same in the base and in the test drive (Situations 4 and 8, Table 1). The 
results show that there were no significant differences in the number of fixations to these 
hazards. The drivers in both groups had the same number of fixations on the parked car 
near the zebra crossing as well as on the business truck parked on the side of the street 
(see Table 4). In addition, the dwell time, average duration of the fixations and duration 
of the first fixation were not significantly different between the TG and the CG. 
Fixation analysis of the test drive showed that the dwell time, average duration of the 
fixations and duration of the first fixation were not signifficantly different between the TG 
and CG. However, the TG fixated significantly more times on the hazard in four out of 
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 seven situations (Situations 3, 4, 5 and 7, see Table 2). The TG fixated more often (Mdn 
= 5) on the pedestrian than the CG (Mdn = 3, U = 167.5, p = 0.019, r = 0.3) in Situation 3 
in which an adult runs along the right pavement and starts crossing the street between 
parked cars in front of the driver with the intention of reaching a child running along the 
left pavement. The adult stops one metre after he has entered the street. In Situation 4, 
the TG fixated significantly more times (Mdn = 3) on the bus than the CG (Mdn =2, U = 
221, p = 0.043, r = 0.3). 
In addition, in Situation 5 and Situation 7 the TG had significantly more fixations on the 
parked car and business truck (see Table 3). As these two situations were also included 
in the base drive, a before-after comparison was possible. The TG had significantly more 
fixations after the training on the parked car than before, but not on the parked business 
truck. 
Table 3. Comparison of number of fixations between and within groups 
 Before After After – Before 
 
TG CG Between-
group 
comparison 
TG CG Between-
group 
comparison 
TG CG Between-
group 
comparison 
Situation 
M 
(SD) 
M (SD) U (p) M (SD) M 
(SD) 
U (p) Z (p) Z (p) U (p) 
Situation 
5 (the 
parked 
car near 
the zebra 
crossing)  
0.67 
(0.64) 
0.52 
(0.59) 
243 (0.43) 1.22 
(1.28) 
0.78 
(0.79) 
167.5 
(0.017) 
-3.28 
(0.001) 
-1.21 
(0.23) 
186 (0.07) 
Situation 
7 (the 
parked 
business 
truck) 
0.79 
(0.78) 
0.57 
(0.78) 
238 (0.37) 0.87 
(0.86) 
0.39 
(0.84) 
162 (0.012) -0.17 
(0.87) 
-0.81 
(0.41) 
222 (0.329) 
 
97
 3.3. Self-assesed HPS and driving skills 
There was a significant difference in the ‘before’ and ‘after’ sum scores of the self-
assessed driving skills (DS) within the TG. The drivers in the TG rated their DS higher 
before (M = 70.57) than after (M = 68.67) the training (Z = -2.03, p = 0.043, r = 0.3). 
However, analysis of the self-reported HPS, DS in the specific situations and overall 
driving skills did not show significant differences between the TG and the CG (see Table 
4).  
Table 4. Self-assessed HPS and DS 
 Pre Post Post – Pre 
 
TG CG Between-
group 
comparison 
TG CG Between-
group 
comparison 
TG CG Between-
group 
comparison 
 
M (SD) M (SD) U (p) M (SD) M (SD) U (p) Z (p) Z (p) U (p) 
DS 
(specific
) 
70.57 
(9.84) 
70.63 
(13.05) 
419 (0.64) 68.67 
(10.88) 
70.23 
(12.88) 
400 (0.46) -2.03 
(0.04
) 
-0.89 
(0.37
) 
409 (0.42) 
DS 
(overall) 
4.87 
(1.04) 
4.90 
(1.27) 
415 (0.59) 4.80 
(1.06) 
4.77 
(1.28) 
433 (0.79) -0.82 
(0.41
) 
-1.15 
(0.25
) 
409 (0.42) 
HPS 36.90 
(5.30) 
37.80 
(6.66) 
406 (0.51) 36.53 
(6.42) 
37.87 
(6.70) 
394 (0.41) -0.10 
(0.92
) 
-0.28 
(0.77
) 
443 (0.92) 
 
3.4. Answers to the open-ended questions 
The particpants were asked in an open-ended question how they reacted to potentially 
hazardous situations with pedestrians in the simulator drive. The answers were coded 
and the codings were clearly assigned to five categories. Their frequencies are shown in 
Table 5 separately for the TG and the CG. Most drivers in both groups reported having 
reacted by reducing the speed. However, more drivers in the training group (N = 10, 
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 33.3%) than in the control group (N = 3, 10%) reported that they kept an eye on the 
pedestrian (p = 0.028).  
Table 5. The frequencies of the reaction to the potential hazard 
My reaction to the 
potential hazards 
TG (N = 30) CG (N = 30)  
N Respondents 
(%)  
Responses 
(%) 
N Respondents 
(%) 
Responses 
(%) 
Reduced the speed 30 100 50.8 28 93.3 53.8 
Adjusted lateral position 
farther away from the 
pedestrian 
9 30 15.3 11 36.7 21.2 
Kept an eye on the 
pedestrian 
10 33.3 16.9 3 10 5.8 
Got ready to brake 7 23.3 11.9 7 23.3 13.5 
Stopped 3 10 5.1 3 10 5.8 
 
The participants were further asked why they did not react to certain pedestrian-related 
situations (if that was the case). Twenty participants from each group responded to this 
question. The answers were first coded and then merged into two major categories: the 
category ‘No reaction required’ summarises answers in which each participant explains 
why a reaction was not necessary (e.g., because the pedestrian was standing still, he 
was sure that the pedestrian would not cross, the situation was not dangerous). The 
category ‘Failed reaction’ summarises answers in which each participant reports why he 
did not react (in time), although he should have (e.g., because he noticed too late, he was 
distracted). As Table 6 shows, there are no relevant differences between the control and 
the training group.  
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 Table 6. The frequencies of reasons for not reacting to the potential hazard 
I did not react to the 
hazard because: 
TG (N = 20)  CG (N = 20) 
N Respondents 
(%)  
Responses 
(%) 
N Respondents 
(%) 
Responses 
(%) 
Failed reaction 10 33.3 30.3 8 26.7 24.2 
No reaction 
required 
13 43.3 39.4 15 50.0 30.3 
 
4. Discussion 
Using a control group design, this study examined whether a short training intervention in 
a driving simulator improves young drivers’ tactical HPS. The training consisted of a 
training drive, a video with an expert’s commentary and a replay of the training drive, 
thereby allowing participants to watch their own driving behaviour during the training drive. 
To assess the effect of the intervention, we compared the eye fixations and changes in 
driving speed of the TG and the CG. In addition, we compared the self-rated DS and HPS 
in both groups before and after the intervention.  
The training intervention demonstrated a positive effect in hidden pedestrian-related 
situations either by reducing speed or increasing the number of fixation of potential 
hazards, indicating that the intervention improved the more advanced HPS. For the visible 
situations, the effect with regard to driving speed reduction was less clear, also as there 
were some unsystematic differences between CG and TG in the bases drive. Similarly, 
visual search was only found to be improved in one visible situation, where drivers from 
the TG fixated on the hazard more times than drivers from the CG. The limited 
improvement in HPS and related behaviour may be explained by the level of HPS required. 
As the pedestrian was visible or partly visible, the skills needed are less advanced. 
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 Therefore, it is possible that the drivers in our sample, although young, had sufficient skills 
in these situations and the intervention could not improve them. To test this, the study 
could be repeated on learner drivers who have required basic vehicle-handling skills but 
are in the process of developing higher-order skills such as HPS.  
Support for this interpretation is found in the fact that the training group demonstrated 
improved HPS after the intervention in situations in which the view of the hazards was 
obscured by other vehicles. In all three hidden situations, the TG showed improvements 
in HPS based on the driving behaviour or fixation analysis. In the two situations that could 
be compared directly before and after the training, the number of fixations was higher for 
the TG than for the CG in the test drive, while it did not differ in the base drive. Indeed, 
the number of fixations increased from the base drive to the test drive in the TG, while 
this was not the case in the CG. These results were in line with Pradhan et al. (2007) 
where trained drivers glanced more often at the areas of potential hazard. This indicates 
an increased awareness of the pedestrian as a potential hazard.  
In one of the hidden hazard situations (a bus at a bus stop) drivers from the TG decreased 
their driving speed in anticipation of the possible hazard and fixated on the bus more 
times than the CG, indicating that they paid more attention during the situation. This is 
also supported by the open question where trained drivers reported ‘keeping an eye on 
the hazards’ as a reaction to a potentially dangerous pedestrian situation more often than 
CG members. There were, however, no differences in reasoning as to why they did not 
react to a hazard between the CG and the TG. The lack of difference could be based on 
the phrasing of the question, which did not ask for an answer for each hazard, but all 
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 hazards in general. Further studies would be necessary to examine in more detail the 
underlying reasons for drivers’ missing response to each hazard separately.  
Interestingly, the TG rated their driving skills lower after the training, suggesting that the 
intervention made drivers more aware of their driving skills and possible limitations. In line 
with Vlakveld et al. (2011), this finding indicates that the intervention provided the drivers 
with a more profound understanding via the confrontation of their own limitations in the 
error drive. Understanding their relevant competences in combination with the expert’s 
instructions for the driving task was linked to the predictability of the driving situations in 
the test drive. It is possible that the expert commentary video provided the TG with crucial 
information regarding recognition of, and response to, the hidden hazards, but further, 
preferably on-road, studies are needed to assess the relative contribution of the expert 
commentary video and the error drive.  
In conclusion, the results show that the intervention improved tactical hazard detection 
and response skills among young drivers concerning hidden pedestrian-related hazards. 
During the training the participants had a chance to commit their own errors while they 
were actively involved in a driving simulator task complemented by an expert’s 
instructions on how to negotiate these situations and evaluate their performance while 
watching the replay of the drive. The improvement in the advanced HPS suggests that it 
is relevant to consider ways to include similar training procedures in basic driver training 
to support the development of more advanced HPS among newly licensed drivers. As the 
implementation of a commentary video is easy, and as with the rapid technological 
development simple driving simulators are becoming more available and affordable to the 
wider public, HPS training in pedestrian-related situations in a driving simulator could be 
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 considered as an additional module to the conventional training procedure. The simulator 
training could be centralised similarly to lessons on an advanced slippery track, which are 
not available in every driving school, but in separate locations. 
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